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CHAPTER I

INTRODUCTION

The development of the Traffic advisory and Collision Avoidance
System (TCAS) was initiated by the FAA in the early 1970’s. The
function of this system is to help aircraft pilots avoid collisions
caused the by extremely burdened air traffic [17]. Its function is not
only to provide the pilots enough information about nearby aircraft but
also to give them some advice on how to avoid collisions. Presently,
there are three generations of the TCAS system, each providing more
features.

Basically, the principles of the operation of these systems have
remained unchanged. A receiver on an TCAS-equipped aircraft listens to
the signals emitted by radar transponders on other aircraft in response
to interrogation signals emitted from the TCAS-equipped aircraft. The
TCAS system can then determine the altitude, velocity, distance and
direction of nearby transponder-equipped aircraft by interpreting the
transponder return and measuring the time delay of the response.

This system was first demonstrated in the early 1970’s; however,
the performance was not ideal because of the interference caused by
overlapping signals from multiple aircraft. After modifications
including directional antennas and variable-strength interrogation

signals, the system seems to work adequately at the present time.




The first system, known as TCAS I, can not give pilots advice on
what maneuvers to take to avoid a collision even if they know that
another aircraft is approaching from a known direction. The second
system, known as TCAS II, includes a conflict resolution logic
subsystem which can tell pilots to climb, dive or maintain the same
altitude to avoid a collision. This easy to use system has a CRT
display showing nearby aircraft. Actually, it has passed the
experimental period and is in the pre-production phase at the present
time.

Although TCAS II can be used in the real world with adequate
results, airplane pilots prefer a new TCAS system, referred to as TCAS
III (or enhanced TCAS II), which can give them advice to turn right or
left as well as to climb or dive. Since it can display the whole
traffic situation and give maneuvering instructions, it is the most
powerful aid to avoid a mid-air collision. However, it is still in the
experimental stage and far from real-world implementation.

In this study, the TCAS system is investigated in terms of the
enhanced TCAS II system. With the help of a digital computer, a
theoretical analysis of this system is performed to obtain a model that
can be used to save time and money with reasonable and accurate results
instead of numerous and costly measurements. The steps followed to
build a successful computer model for the enhanced TCAS II antenna and
how to simulate this system when it is installed on a Boeing 727 are
described. In addition, several algorithms are developed here to
evaiuate the performance of the TCAS system. Note that the algorithms

developed are very general and can be applied to many similar systems.



This report is divided into five chapters. Chapter II describes
how to utilize the moment method to build a computer model for an
antenna array, such as the enhanced TCAS II antenna system considered
here. With this antenna model, Chapter III describes th to install it
on a Boeing 727 with the help of the OSU Aircraft Code [2]. The OSU
Aircraft Code, which is a computer code used to analyze the radiation
patterns of antennas mounted on an aircraft or any similar geometry, is
based on the Uniform Geometrical Theory of Diffraction (UTD) [3].
Combining the results of the 0SU Aircraft Code and some additional
algorithms, error curves due to structural scattering are also generated
and interpreted. In Chapter IV, the results obtained in all the
previous chapters are.combined, and with some additional information,
the tracking of an aircraft by a TCAS III-equipped airplane is evaluated
using computer simulation. Actually the tracking can be examined
graphically using a color workstation. Finally, some concluding remarks

are given, and areas of further research are discussed in Chapter V.



CHAPTER II
DEVELOPMENT OF AN IMPROVED MODEL FOR THE ENHANCED TCAS II ARRAY
BY THE MOMENT METHOD

A. CONFIGURATION OF THE ENHANCED TCAS II

The enhanced TCAS II interrogator consists of a pair of eight-
element, 10.5-inch diameter, electronically-steerable circular arrays,
which continuously scan the sky surrounding the protected aircraft. One
array is mounted on the top of the aircraft and the other on the bottom.
The two antenna arrays can provide a nearly complete spherical coverage.

The steering electronics of the TCAS system can transmit a sum and
difference beam to any one of 64 beam directions at 1030 MHz to
interrogate targets located within a 22.5 degree azimuth sector around
boresight. The interrogator transmits a pair of pulses in time
sequence, one via the sum beam and the other via the difference beam.
The transponder equipped on the target aircraft then compares the
amplitudes of the two pulses and it will reply to the interrogation only
wvhen the pulse via the sum beam is stronger than the other via the
difference beam. The transponder replies a series of encoded pulses
which are received simultaneously by the sum and difference beams at
1090 MHz. The time interval from transmission and reception is used to
measure the relative distance between the two aircraft. The altitude
and related information of the target aircraft is decoded from the

received pulses. In addition, the interrogator receiving system



utilizes its sum and difference beam returns to compute the target
bearing by use of a monopulse angle-measurement technique. This is done
using an eight-element array with a central transponder element. This
transponder receives interogations from other TCAS systems at 1030 MHz
and replies at 1090 MHz. A combination of the calculated target’s
bearing, measured range and altitude information allows the system to 3-
D track the target aircraft. The TCAS will then use the roll, pitch and
heading of the TCAS-equipped aircraft to transform the target
coordinates from a TCAS-fixed coordinate system to an airplane-fixed
coordinate system [14,16].

Each antenna array, shown in Figure 2.1, consists of eight top-
loaded monopoles on a 10.5-inch diameter circle and a transponder in the
center. Each monopole consists of a 0.75-inch thin wire and a top-

mounted circular disc. The transponder has a similar structure as the

TRANSPONDER MONOPOLE

¥

Figure 2.1. Enhanced TCAS II antenna array [1].
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monopole except a larger diameter and circular disc. The detailed
dimensions of the two antennas are shown in Figure 2.2. Note that all
the microstrip matching networks are printed on a single 0.03" thick,
Teflon-fiberglass disc. Also a low dielectric constant foam material,
which is high temperature resistant, is epoxy bonded to the microstrip
foil to form a rigid core and a rain-erosion coated fiberglass radome
encloses the whole assembly [14]. The material of these antennas is

7

copper, whose conductivity is 5.8 x 10° si. 1In addition, note that each

antenna is conjugate matched to obtain maximum power transfer.

B. THE OLD TWO-MONOPOLE MODEL FOR THE TCAS III

When the 0SU Aircraft Code [{2] is used to analyze the radiation
patterns of an antenna array mounted on an aircraft, the antenna model
should already include coupling effects because this code does not
consider this important effect. Therefore, the coupling effects should
be considered before the Aircraft Code is used. Since the coupling
comes from the interaction between these array elements, it turns out
that the pattern of a single monopole of the TCAS III array radiating in
the presence of the other monopoles, which are terminated in a matched
load, can be simulated by the radiation pattern of a set of monopoles
vhere it is assumed that there is no mutual coupling between these
latter monopoles.

The original model of the TCAS III array including the coupling
effects was suggested by Bendix. It uses only a pair of monopoles with
appropriate weights to simulate each monopole in this antenna array,

except for the transponder. Figures 2.3 and 2.4 show the geometry of



this model for each monopole and the whole antenna array, respectively.
For detailed information, please refer to Reference [1]. A very
important assumption was made to construct the model depicted in Figure
2.4. The phase center of each element of the TCAS array was assumed to
be located at the position of the element itself. By means of a more
sophisticated analysis, it will be shown that this assumption is not

quite correct. However, as shown in Section G of this chapter, it turns

1.82" i

i1

.005"j

—~4 I———.47-

TRANSPONDER

Figure 2.2. The dimensions of the monopole and the transponder of the
TCAS III array.



out that the error curves generated with this model are accurate in the
forvard region of the airplane; i.e., -90° < ¢ < 90°.

The simple model depicted in Figure 2.3 is constructed based on the
measured data from Bendix. The weights of the two monopoles were
adjusted such that the front-to-back ratio of its radiation pattern is
close to 16 dB as indicated in the measured data supplied by Bendix.
Figure 2.5 is the measured pattern, including azimuth and elevation
patterns of elements 2, B and the transponder of the TCAS III system,
mounted on a 6-foot curved ground plane with a curvature similar to that
of the Boeing 727. Figure 2.6 depicts the radiation pattern of the
element 8 array mounted on a Boeing 727 at an elevation angle of 10°
based on the old two-monopole model and the corresponding measured
pattern. The agreement between the measured and calculated patterns is
reasonable, but a more accurate model will give much better agreement as
shown later.

Thus, a moment method analysis was done to obtain an improved
antenna model. The detailed procedures followed to construct the model
will be discussed in the next section. The moment method code used here
is the ESP III Code (Electromagnetic Surface Patch Code) developed by
Dr. E.H. Newman at OSU [6,7]. The ESP Code is a user-oriented code
wvhich can treat geometries including thin wires, polygonal plates and
their interconnections. It also computes many useful quantities, such
as current distribution, input impedance, radiation efficiency, mutual
coupling, far-zone pattern and radar cross section. It’s a powerful and

easy to use computer code.
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Figure 2.3. Geometry of a monopole pair for the two-monopole model [1].
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Figure 2.4. Geometry of the TCAS III circular array for the old
two-monopole model [1].
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C. IMPROVED MODEL FOR THE TCAS III ARRAY

One of the reasons the moment method was used here was to analyze
the coupling effects analytically. When one element is excited in this
array in the presence of the other array-elements, which are terminated
in a coﬁjugate matched load, the other elements will have induced
currents due to mutual coupling and these currents in turn will induce
currents on the other elements. Therefore, the radiation pattern of the
excited element in the TCAS array should be a combination of the
radiated fields from all these currents. In order to find all the
induced currents, the complete geometry of the TCAS III array is input
to the moment method code. The induced currents on any element can then
be found. Hence, to calculate the radiation pattern of each element of
the TCAS III array with the Aircraft Code, the total induced currents
obtained with the moment method should be used. Note that these
elements are now radiating without mutual coupling since the coupling
effects are included in the induced currents found using the moment
method.

Thus, the first step in this analysis is to prepare the geometry of
this antenna array for the ESP III Code including the conductivity of
the monopoles which are made of copper wires. An octagonal plate is
used to simulate the top loaded circular disc with the same area. Also,
because of the limitation of the ESP III Code, where only one kind of
radius of the thin wires is allowed: the radius of the transponder is
forced to be the same as the other monopoles. The antennas are placed
on a flat, infinite ground plane because the ESP III Code can’t model

the curved plane as the fuselage of the Boeing 727. By image theory,

12



the ground plane can then be taken out by replacing the monopole with
dipoles of twice the length. Since each element of the array is
conjugate matched, the input impedance of each element should be found
first so that the appropriate loads can be attached to the terminals of
each monopole.

Figure 2.7 shows the geometry of the monopole and the transponder.
Placing a unit voltage source in the middle of the dipole under study,
the ESP III Code can then be run. The input impedances are

2, = 23.906 + §159.389 ()

i

for the transponder, and

MONOPOLE ANTENNA MODEL

TRANSPONDER

1 WIRE MODES 1 WIRE MODES

N

Z AXIS VIEW

X AXIS VIEW

Figure 2.7. The

the moment method.
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SCALE = ©.858)

¥ AXIS VIEW

14 PLATE MODES
2 ATTACH. MODES
17 TOTAL MODES

SCALE, = 8.087)

Z AXIS VIEW

X AXIS VIEW Y AXIS VIEW

input geometries of the monopole and transponder for



zin = 20.208 + j142.639 (9Q)
for the monopole. Of course, the input impedances of the original
monopoles are only one half of the above values which were calculated
for dipoles of twice the length of the monopoles. The detailed input
data is listed in Appendix A.

Once the input impedances are found, the conjugate load can then be
attached to each element in this array. Note that the frequency used is
1060 MHz, which is the average value of 1030 MHz and 1090 MHz. Because
of the symmetry of the circular array, it is only necessary to excite
one element. Here, element 8 is excited and then the radiation patterns
and the induced currents on the other elements are found by executing
the ESP III Code. The detailed input data is also shown in Appendix A.

Figure 2.8 shows the geometry of the TCAS III array used for the
moment method analysis and the azimuth radiation pattern at an elevation
angle of 10°. Comparing the pattern of Figure 2.8 with that of the
measured data of Figure 2.5, the basic shapes are similar; however, the
front-to-back ratio is 22 dB; whereas, the measured result gives 16 dB.
Because of lack of additional information about this antenna array and
the limitations of the ESP Code, it is difficult to build a model which
is closer to the real physical structure. There are two main reasons
that the calculated radiation pattern can not match the measured pattern
perfectly. First, the code allows only one radius of the thin wires so
the model of the transponder can’t be implemented correctly. According

to [12], the use of a larger-diameter center element is partially an
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Figure 2.8. The input geometry of the TCAS III for the moment method
and its azimuth radiation pattern.

attempt to improve the outer element front-to-back ratio by absorbing
energy over a large physical area. Another reason is that the measured
data comes from the TCAS‘III system mounted on a 6-foot curved plane
with the curvature of the Boeing 727, but the result from the ESP Code
is based on a flat plane because of the limitation of this code.
Referring to the research of [3], the patterns on a ground plane, a
curved ground plane and the fuselage of an aircraft will have only small
difference. In conclusion, the results obtained with the moment method
code are used later since these patterns are still acceptable and are an

improvement over previous results.
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Table 2.1 lists the induced currents when only
excited. When the Aircraft Code is used, element 8
by the 9 monopoles with the current distribution as
Since the antenna array is symmetric, the model for
is the same. Of course, this ignores the fact that

curvature of the Boeing 727 are not the same at the

element 8 is

can then be replaced
shown in Table 2.1.
the other elements
principal radii of

location when the

TCAS array is mounted. Note that the circular disks mounted on the

monopoles of the original TCAS array can not be included in the Aircraft

Code.

The procedure followed to obtain a model for the TCAS III array is

general so that it can apply to any similar system and configuration.

If a more powerful moment method code is used and more detailed

information about the array system is known, one can obtain an even

better model to simulate the TCAS III array.

Table 2.1

Induced Current of Each ERlement in this Circular Antenna Array

Vhen Element 8 is Bxcited

MONOPOLE INDUCED CURRENT
POSITION " RELATIVE MAGNITUDE | PHASE (DEGREES)
Transponder 0.198 102
Element #1 0.379 103
#2 0.113 -143
#3 0.081 - 93
#4 0.058 - 88
#5 0.078 - 97
#6 0.109 ~142
#7 0.402 101
#8 0.812 - 19
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Once the Aircraft Code is run with the input of Table 2.1, it can
generate radiation patterns in any desired conical cut around the
airplane. Figures 2.9(a) and (b) are the radiation patterns of element
8 of the TCAS array which uses 9 monopoles to simulate an element
radiation in the presence of the other elements in the azimuth plane and
the elevation plane, respectively. The elevation angle is still 10°.
Comparing them with the measured results, the azimuth plane pattern has
the same shape as the measured result, but a different front-to-back
ratio. The elevation plane pattern also has the same shape as the
corresponding measured result, except that the maximum occurs at a
different elevation angle. As shown later, these results are accurate
enough for the applications considered here. It is important to mention
that the agreement between the calculated and measured data can be
improved even further if the currents of Table 2.1 are slightly
modified. This will not be tried for the nine-element model, but it

will be done for the four-element model considered next.

D. GENERATION OF A FOUR-MONOPOLE MODEL
In order to reduce computer time, it is important to study whether

it is possible to reduce the number of elements in our model and still
obtain accurate results. Take element 8 as an example; the induced
currents on elements 2, 3, 4, 5 and 6 (see Table 2.1) can be taken out
since their induced currents are small in relation to the others. The
currents of the remaining monopoles can then be adjusted such that the
front-to-back ratio of the resulting pattern is about 17 dB and the

front-to-side ratio about 6 dB. The azimuth pattern will be closer to
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(a) Azimuth pattern at an elevation angle of 10°

ARRAY ELEMENT
ELEVATION PATTERN

(b) Elevation pattern

Figure 2.9. The radiation patterns of element 8 in the nine-monopole
model mounted on the fuselage of a Boeing 727.
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Table 2.2

Induced Current of the Monopoles in the Four-Monopole Model
used to Replace Element 8

MONOPOLE INDUCED CURRENT
POSITION RELATIVE MAGNITUDE PHASE (DEGREES)
Transponder 0.3564 102
Element #1 0.4169 103
#7 0.4422 101
#8 0.812 - 19

the measured pattern than that of the nine-monopole model. The list of
the induced currents for the remaining four monopoles is shown in Table
2.2.

Figures 2.10(a) and (b) show the radiation patterns in the azimuth
and elevation planes, respectively, for element 8 in this four-monopole
model. The agreement between the calculated and measured patterns is
very good. The four-monopole model is more accurate than the old

two-monopole model and less expensive than the nine-monopole model.

E. PHASE CENTER ADJUSTMENT

The far-zone field radiated by any antenna can be written as

(2.1)

0,00, 8) jwe(e,»} ke

g - {i» B (6, $)e + 0 Eg(0, d)e

r
vhere k is the free-space wave number, ¢ and © are the usual phi and

theta unit vectors, respectively, of a spherical coordinate system, and

E(6,4) and ¢(6,¢) are the magnitude and phase, respectively. In most
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(a) Azimuth pattern at an elevation angle of 10°

ARRAY ELEMENT
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(b) Elevation pattern

Figure 2.10. The radiation patterns of element 8 in the four-monopole
model on the fuselage of a Boeing 727.
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applications of antennas, especially when arrays of antennas are used,
it is important to assign a reference point, which is called the phase
center [18] of the antenna, such that ¢(0,¢) is independent of 6 and ¢
(and r is kept constant) for a given frequency. In other words, when
the radiation fields are referenced to the phase center, the fields
will appear as spherical waves with ideal spherical wavefronts or
equiphase surface just as a point source but with a variable amplitude
pattern. However, for most antennas used in practical applications, a
single phase center valid for all © and ¢ can not be found. Usually a
reference point whose ¢(6,¢) is constant over an angular sector,
especially over the main beam, can be found from measurements [18].

In the previous section, the magnitude of calculated radiation
patterns for a single element of the TCAS array have been verified with
measured data. However, to obtain the sum and difference beam
patterns, the radiation patterns of each element of the TCAS array have
to be added. Thus, before all these radiation patterns are
superimposed, it is necessary to determine the phase center of the
models considered in Sections B-D and also the phase center of each
element of the actual TCAS III array.

In previous reports {1,3-5], it was assumed that the phase center
for each monopole antenna in the actual TCAS array was at the position
of the monopole itself. This assumption is correct when the mutual
coupling effects in the array are insignificant. However, if the
excitation of one element induces currents in the other elements, thén
the radiation field for each element is generated by the combination of

all 9 elements and the phase center will shift. Unfortunately, during
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this study, we did not have measured phase centers for the TCAS array
elements. Therefore, the phase center for each element of the actual
TCAS array was obtained by means of a moment method analysis.

It is mentioned above that in general there is no single phase
center for all values of © and ¢. For a specific value of 6, the
reference point which has the smallest variation when the phase
function y(6,¢) is calculated for 0° < ¢ < 360°, is chosen as the phase
center. Although the phase center will change with 6, only 6=80° or an
elevation angle of 10° is investigated here, since this is the region
of interest in the study of the TCAS array.

Figure 2.11(a) is the phase plot of the radiation pattern of one
element of the TCAS III array obtained by the moment method with the
reference point at the antenna itself. The curve is flat enough,
especially in the region -30° < ¢ < 30°; however, it can not be
considered to be the phase center before it is verified to be the best
choice. If there exists a better reference point, it should be located
on the line connecting the element itself and the array center because
of the symmetric structure of the array. Figure 2.12 shows how to
shift the observation point to get a new phase plot without rerunning
the ESP Code. After changing the reference point a few times, a
reference point with the least variation of phase is found as shown in
Figure 2.11(b). The reference point is located 5.86" from the array
center, on the line joining the array center and the element under
study. Note that the phase center is only 0.61" away from the

monopole.
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(b) Reference point: 5.86" from the center
Figure 2.11. Phase plots of a single element from the moment method.
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Figure 2.12. The change of the phase term when the observation point is
changed.
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Figure 2.13. Phase plot of the two-monopole model with the reference
point at its phase center.
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Figure 2.14. Phase plot of the four-monopole model with the reference
point located 5.25" from the center.
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Figure 2.15. Phase plot of a single element in the nine-monopole model
with the reference point at 5.25" from the center.
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Figure 2.16. Phase plot of a single element in the four-monopole model
with the reference point at 6.23" from the center.
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Figure 2.17. Phase plot of a single element in the nine-monopole model
with the reference point at 5.81" from the center.

Once the phase center of each element of the TCAS array is
calculated by means of the moment method, the next step is to calculate
the phase center of the various models considered in Sections B-D,
namely, the two-, four- and nine-element models. The phase center of
the two-element model is easily calculated [1], and it is located at a
distance of A\/8 from the outer monopole as shown in Figure 2.3. Figure
2.13 depicts the phase plot of the two-monopole model. The phase
centers of the four- and nine-element models are harder to calculate.
As in the moment method analysis, the phase center of the four- and
nine-element models is located on the line joining element 8 and the‘
center element. The initial guess is to assume that the phase center

is located at the same position as element 8. Figures 2.14 and 2.15
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Figure 2.18. A summary of the phase center of single element (top) from
each model.

show the phase plots of the four- and nine-monopole models,

respectively. By moving the reference point towards the center

element, the phase center of these two models can be found. The phase

center of the four-monopole model is located at 6.23" from the center
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and that of the nine-monopole model is located at 5.81" from the
center. Their phase plots referenced to their phase centers are shown
in Figures 2.16 and 2.17, respectively. A summary of these results is
depicted in Figure 2.18.

The phase center of the nine-monopole modei is only 0.05" from
that of the moment method analysis which is assumed to be the closest
to the exact result. Ideally, they will overlap together; however, for
the same reasons listed in the previous section, the results are not
exactly the same. The phase center of the four-monopole model is a
little farther away from the moment method result. Since 5 elements
wvere taken out and the weights of the currents in the remaining
elements have been modified, the shift in the position of the phase
ceﬁter was expected.

Now that the phase centers of the two-, four-, and nine-element
models have been found, the sum and difference beams can be obtained by
properly adding the radiation patterns of all the elements of the TCAS

array after adjusting their phase centers to the proper position.

F.  VERIFICATION OF THE SUM AND DIFFERENCE BEAM PATTERNS

As mentioned before, the antenna array will radiate and receive
sum and difference beam patterns to calculate the bearing of nearby
aircraft. The basic concepts of the sum and difference beams can be
found in [1,3]. This section uses the results obtained in Section B-D
to obtain sum and difference patterns.

Figure 2.19 shows the measured sum and difference beam patterns

for three different bearings. The measurement was made with a TCAS III
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array mounted on a curved plane with,the same curvature as that of a
Boeing 727. According to the original design, the sum and difference
patterns must be independent of the bearing angle near boresight
direction. The measurements show some change in the sum and difference
beams; however, the change is small and it is confined to the
backlobes. The change is due to the curvature of the curved ground
plane.

Figures 2.20, 2.21 and 2.22 show the sum and difference beam
patterns for three different bearings and five elevation angles as in
Figure 2.19, using the two-, four- and nine-monopole models,
respectively. To avoid any confusion, the two-monopole case discussed
here will be referred to as the new two-monopole model where the phase
center of each element of the actual TCAS array is assumed to be
located 5.86" from the center. The difference beam patterns of the
three models are similar to the measured patterns, especially for the
nine-monopole model. However, the sum beam patterns are not as close
in the backlobe region. The agreement improves for larger elevation
angles, and as expected, the nine- and four-monopole models give betfer
results than the two-monopole model.

The weights used to generate the sum and difference beam patterns
vere obtained from Bendix. It might be possible to adjust these
veights to obtain a better agreement between the measured and
calculated sum beams in the backlobe region. However, the region of
interest is in the main beam where there is good agreement. Thus, the

wveights provided by Bendix were not adjusted. Recall that there are 64
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Figure 2.19. The measured sum and difference beam patterns on the

fuselage of a Boeing 727 [16].
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Figure 2.19. Continued.
32

ORIGINAL PAGE IS
OF POOR QUALITY



‘ORIGINAL PAGE IS
OF POOR QUALITY

+55 d
/,’& =
' % .’ NN

FREQUENCY = 1090 MMz
VERTICAL POLARIZATION
GROUND PLANE
4’ DAMETER DISK
&' RADIUS CURVE

SRS
AN
DR N

)
BSS e

"
%
]

(c) Boresight = 270° AZ

Figure 2.19. Continued.
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(a) Boresight = 0° AZ

Figure 2.20. The sum and difference beam patterns using the two-
monopole model mounted on the fuselage of a Boeing 727.
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(a) Boresight = 0° AZ

FPigure 2.21. The sum and difference beam patterns using the four-
monopole model mounted on the fuselage of a Boeing 727.
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(b) Boresight = 315° AZ

Figure 2.21. Continued.
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Figure 2.22. Continued.
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(c) Boresight = 270° AZ

Figure 2.22. Continued.
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different beam positions, and Eherefore, only the area in the
neighborhood of the null of the difference beam is important.

Once the sum and difference beams are generated, the next step is
to calculate the monopulse curves. A detailed explanation of how to

calculate a monopulse is given in [1], [3] and [4].

G.  SCATTERING ERROR CURVES

The purpose of generating the monopulse curves is to obtain the
bearing of an airplane in the vicinity of the TCAS-equipped aircraft.
As discussed in [4] and [14], the system is calibrated by generating a
lookup table which takes into account only the fuselage of the airplane
and ignores the scattering by the wings, tail, engines, etc. With the
algorithms developed so far, it is possible to generate in the computer
the lookup table and the monopulse curves which take into account
structural scattering.

The procedure followed to generate these curves is discussed in
Appendix B. In these curves, the scattering effect from the structure
of aircraft is estimated by the detected bearing errors of the target.
The bearing error is the difference between the system estimated
bearing and the actual aircraft bearing. It is normally plotted
relative to the actual bearing. This bearing error depends on not only
the configuration of the TCAS system and the aircraft but also the
current azimuth and elevation angle of the target. In this section,
the scattering error curves obtained with the 3 antenna models
developed in the previous sections will be discussed. The TCAS III

array is assumed to be top-mounted (off-center) on a Boeing 727. The
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input data used for these three models can be found in Appendix A.
Figure 2.23 shows the error curve generated with the old two-monopole
model (see Figure 2.4). Recall that in this model, the phase center of
each element of the actual TCAS array is assumed to be located at the
element itself. This model predicts large scattering errors in the aft
region of the airplane. The interpretation of this error is discussed
in [3], [4] and [5]. Figure 2.24 shows the error curve generated with
the new two-monopole model. The error curves in Figures 2.23 and 2.24
are very similar, especially in the region -120° < ¢ < 120°. Figures
2.25 and 2.26 depict the scattering error curves using the four-
monopole and nine-monopole models, respectively. These two error
curves agree very well, especially in the region -120° < ¢ < 120°.

Note that all 4 models discussed here produce very similar error
curves in the front region -90° < ¢ < 90°. The largest difference is
in the aft region where the new and old two-monopole models predict
larger errors than the four- and nine-monopole models. Because the
four- and nine-monopole models are considered more accurate, their
corresponding error curves are also considered more realistic.

However, since the region of interest is in the forward region, all the
models discussed here generate similar results. Therefore, computer
time can be saved by using the two-monopole or four-monopole models.

As mentioned before, the models generated here can be improved by
adjusting the weights of the elements of the TCAS III array to obtain

better agreement between the measured and calculated sum and difference

beams.

44



20—-APR—-1988 13:22:54.10 MAX = 7.26
W 727 ELEV ANG = 10 2 MONO .

w AVERAGE= 0.393971 STANDARD DEVIATION = 0.766946

-

(%

o~ 1

M A ‘ A‘-‘ Y.

'-180. -lt">0. -120. -90. -6:0. -30. 0. 30. 60. 90. 120. 150.  180.
AZIMUTH ANGLE

Figure 2.23. The scattering error curve of the Boeing 727 with the top-
mounted off-centered TCAS III using the old two-monopole
model.
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Figure 2.24. The scattering error curve of the Boeing 727 with the top-
mounted off-centered TCAS III using the new two-monopole
model.
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Figure 2.25. The scattering error curve of the Boeing 727 with the top-
mounted off-centered TCAS III using the four-monopole

model.
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Figure 2.26. The scattering error curve of the Boeing 727 with the top-
mounted off-centered TCAS III using the nine-monopole

model.
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CHAPTER III

COMPUTER-SIMULATED MODEL FOR A TCAS-EQUIPPED BOEING 727

A. INTRODUCTION

In this chapter, the computer models for the structure of the
Boeing 727 as well as the TCAS III system which is mounted on it are
discussed. Also, scattering error curves with different elevation
angles are generated and then discussed. In addition, the best

position of the TCAS array on an aircraft is suggested.

YB. BOEING 727

Figure 3.1 shows three-dimensional (3-D) views of a Boeing 727.
Figure 3.2 depicts more detailed graphs for the fuselage of the Boeing
727. Since there are two TCAS III arrays mounted on the fuselage of
the Boeing 727 aircraft, one on the top and the other on the bottom,
the models of the aircraft structure should be considered separately
for each TCAS III array. Also, because of the results of Chapter II,
vhere it is shown that the old two-monopole model is good enough for
the front region, this model will be used for the analysis in this

chapter.
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Figure 3.1.
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Principal dimensions of the Boeing 727 [19].
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Figure 3.2. Forvard body station diagram of the Boeing 727 [19].

51



C. COMPUTER-SIMULATED MODEL FOR THE TOP-MOUNTED TCAS III

From Figure 3.2, it is clear the cross section of the Boeing 727
is not purely elliptical. The parameters for the FG: command in the
Aircraft Code [4], which models the fuselage with a composite ellipsoid
can not be easily determined. Since the curvature of the fuselage near
the antenna location is very important for the GTD calculation, the
curvature in the upper region is more important than in the lower
region for the top-mounted antenna. Therefore, the input parameters
are chosen as close to the upper curvature as possible. Actually, the
upper section is a half circle; therefore, a circular cross section in
the x-y plane (see Figure 3.3) is assumed for the fuselage of the top-
mounted Boeing 727.

Once the fuselage is determined, the plates of the Boeing 727 can
then be attached. Table 3.1(a) shows the plates that must be used for
the Boeing 727 model as suggested by the FAA [19]; 21 plates are to be
attached to the fuselage of the Boeing 727 for the top-mounted TCAS III
array. The more plates are added, the more CPU time is spent;
therefore, the model should be simplified to save CPU time. Some
plates which are not as important are taken out, and some plates can be
combined to form a larger and simpler one. In addition, two plates,
the right engine pylon and the left engine pylon, which are important
but not recommended by the FAA, are added here. The final model
includes 17 plates.

The final task is to place the TCAS III antenna array on the
Boeing 727. The TCAS III array is flush-mounted on the top of the

fuselage at 380" from the nose and 4.75 inches off-centered. The 3-D

52



Table 3.1

Attached Plates for the Boeing 727 Model
as Suggested by the FAA [19]

(a) for top antenna model

Item # Plates Plate names

Right wing (upper surface) 2 P1, P2

Right engine nacelle (top) 3 P4, P5, P6

Right horizontal stabilizer 3 P9, P10, P11

Vertical stabilizer 3 P12, P13, Pl4

Center engine intake 5 P15, Pleé, P17, P18, P19
Center engine pylon 2 P20, P21

Left horizontal stabilizer 3 P22, P23, P24

Left engine nacelle (top) 3 P25, P26, P27

Left wing (upper surface) 2 P31, P32

(b) for bottom antenna model

Item # Plates Plate names

Right wing (lower surface) 2 P39, P40

Right engine nacelle (bottom) 3 P4, P7, P8

Right horizontal stabilizer 3 P9, P10, P11

Left horizontal stabilizer 3 P22, P23, P24

Left engine nacelle (bottom) 3 P25, P28, P29

Left wing (lower surface) 2 P41, P42

Fuéelage surface (bottom) 7 P33, P34, P35, P36, P37,

P38, P39
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Table 3.2

Input Data of the Boeing 727 with top-mounted TCAS III
for the Aircraft Code

UN:INCHES

3

FQ:1.06 GHZ

1,1.06,1.

FG:BOEING 727 WITH TOP-MOUNTED ANTENNA
74.,74.,1064.,330.

T

0.,0.,50.

PD:

90.,0.,80.

0,360,1

T, 1000000.

BO:

T

PP:POLAR PLOT IN DB
F

1,2.,3

PG:LEFT WING

6,T

-24.,78.,249.
~24.,277.,411.
-24.,625.,636.
-24.,652.,750.
-24.,250.,587.
-24.,76.,558.
PG:RIGHT WING

6,T

-24.,-76.,558.
-24.,-250.,587.
-24.,-652.,750.
-24.,-625.,636.
-24.,-277.,411.
~24.,-78.,249.
PG:RIGHT VERTICAL STABILIZER
4,T

65.,0.,719.
252.,0.,996.
252.,-15.,1257.
65.,-15.,980.
PG:LEFT VERTICAL STABILIZER
4,T

65.,15.,980.
252.,15.,1257.
252.,0.,996.
65.,0.,719.

PG:LEFT HORIZONTAL STABILIZER
4,F
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Table 3.2 - Continued

239.,14.,1188.
239.,210.,1243.
239.,210.,1172.
239.,14.,1016.
PG:RIGHT HORIZONTAL STABILIZER
4,F

239.,-14.,1016.
239.,-210.,1172.
239.,-210.,1243.
239.,-14.,1188.
PG:CENTER ENGINE FRONT
4,T

75.,22.,652.5
145.,22.,652.5
145.,-22.,652.5
75.,-22.,652.5
PG:CENTER ENGINE LEFT
4,T

70.,22.,710.
145.,22.,815.
145.,22.,652.5
75.,22.,652.5

PG: CENTER ENGINE RIGHT
4,T

75.,-22.,652.5
145.,-22.,652.5
145.,-22.,815.
70.,-22.,710.

PG:RIGHT ENGINE TOP

63.,-80.,646.
63.,-80.,837.
63.,-140.,837.
63.,-140.,646.
PG:RIGHT ENGINE FRONT
4,F

63.,-80.,646.
63.,-140.,646.
0.,-140.,646.
0.,-80.,646.
PG:RIGHT ENGINE SIDE
4,F

63.,-80.,646.
0.,-80.,646.
0.,-80.,837.
63.,-80.,837.
PG:RIGHT PYLON

4,T

12.5,-60.,854.
12.5,-81.,827.
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Table 3.2 - Continued

12.5,-81.,682.
12.5,-65.,682.
PG:LEFT PYLON
4,T
12.5,65.,682.
12.5,81.,682.
12.5,81.,827.
12.5,60.,854.
PG:LEFT ENGINE TOP
4,F
63.,80.,646.
63.,140.,646.
63.,140.,837.
63.,80.,837.
PG:LEFT ENGINE FRONT
4,F
63.,80.,646.
0.,80.,646.
0.,140.,646.
63.,140.,646.
PG:LEFT ENGINE SIDE
4,F
63.,80.,646.
63.,80.,837.
0.,80.,837.
0.,80.,646.
SG:ELEMENT 1
-0.753,46.288

2

1.14,-45.
0.,0.,0.,2.78,3
1.,-45.

Mo
54 o s e

G:ELEMENT 2
.363,50.

.14,0.
.,0.,0.,2.78,3
e 945,
.64,180.
.,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 3
-0.754,53.712

2

1.14,45.

QO ORNO
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Table 3.2 - Continued

.,0.,0.,2.78,3
.,-45.
.64,225.
«,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 4
-3.450,55.25

OCORE=O

.14,90.
.,0.,0.,2.78,3
.45,
.64,270.
«0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 5
-6.145,53.712

CQOMREROMN

.14,135.
.,0.,0.,2.78,3
«9=45.
.64,-45.
.,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 6
-7.261,50.

QO R REROM=N

.14,180.
.,0.,0.,2.78,3
. y-45.

.64,0.
«,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 7
-6.143,46.288

QOO MN

.14,225.

. ,0. ’0. ,2.78,3
“64,45.

. ’00 ’Ot ,2'78,3
.698,45.

EX:

SG:ELEMENT 8
~3.448,44.75

2

1.14,270.

QO OMN
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OO =O

Table 3.2 - Continued

.,0.,0.,2.78,3
., —45.

.64,90.
.,0.,0.,2.78,3
.698,45.
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Figure 3.3. 3-D views of the Boeing 727 model for top-mounted TCAS
III.
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views of the complete model is shown in Figure 3.3, and the complete

input data for the Aircraft Code are shown in Table 3.2.

D. COMPUTER-SIMULATED MODEL FOR THE BOTTOM-MOUNTED TCAS III

The curvature of the composite ellipsoid of the computer model for
the Boeing 727 for the bottom-mounted TCAS III array should be
determined by the curvature of the lower fuselage. From Figure 3.2,
the lovwer fuselage of the Boeing 727 consists of two sections, the FWD
section and AFT section. The FWD section is implemented by a composite
ellipsoid of the same curvature in the x-y plane and the AFT section is
implemented by several plates attached to the lower fuselage. The
curvature of the FWD section is chosen as 60" (x axis) and 70" (y
axis).

The plates used to represent the fuselage for the bottom-mounted
antenna as recommended by the FAA are shown in Table 3.1(b). There are
a total of 23 plates. After simplifying, only 16 plates are needed,
including 7 plates to simulate the AFT section. The position of the
bottom TCAS III system is on the opposite side of the top TCAS III |
system, which is off-centered, too.

The 3-D views of the complete model is shown in Figure 3.4. The
input data for the Aircraft Code is shown in Table 3.3. It should be
noted that for convenience in using the Aircraft Code, the bottom
antenna is on the top of the graph and the whole aircraft is turned
over. However, the convention for the elevation and azimuth angles
is still that for the top-mounted antenna coordinate system shown in

Figure 3.3.
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Table 3.3

Input Data of the Boeing 727 with bottom-mounted TCAS III
for the Aircraft Code

UN:INCHES

3

FQ:1.06 GHZ

1,1.06,1.

FG:BOEING 727 VITH BOTTOM ANTENNA
60.,70.,1064.,330.

T

0.,0.,50.

PD:

90.,0.,80.
0,360,1

T, 1000000.

BO:

T

PP:POLAR PLOT IN DB
F

1,2.,3
PG:LEFT WING
6,T
26.,78.,249,
26.,277.,411.
26.,625.,636.
26.,652.,750.
26.,298.,600.
26.,76.,558.
PG:RIGHT WING
6,T
26.,-76.,558.
26.,-298.,600.
26.,-652.,750.
26.,-625.,636.
26.,-277.,411.
26.,-78.,249.
PG: FUSELAGE FRONT UPPER PLATE
4,T
26.,45.,190.
37.,65.,150.
37.,-65.,150.
26.,-45.,190.
PG:FUSELAGE FRONT LOWER PLATE

37.,65.,150.
72.,45.,190.
72.,-45.,190.
37.,-65.,150.
PG:FUSELAGE RIGHT UPPER PLATE
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Table 3.3 - Continued

26.,45.,190.
37.,65.,150.
37.,65.,587.
26.,45.,641.
PG:FUSELAGE RIGHT LOWER PLATE
3,F

37.,65.,150.
72.,45.,190.
37.,65.,587.
PG:FUSELAGE LEFT UPPER PLATE
4,T

26.,-45.,641.
37.,-65.,587.
37.,-65.,150.
26.,-45.,190.
PG:FUSELAGE LEFT LOWER PLATE
3,F

37.,-65.,150.
37.,-65.,587.
72.,-45.,190.
PG:FUSELAGE BOTTOM PLATE
4,F

72.,45.,190.
72.,-45.,190.
37.,-65.,587.
37.,65.,587.

PG:LEFT ENGINE BOTTOM
4’F

0.,80.,646.
0.,140.,646.
0.,140.,837.
0.,80.,837.

PG:LEFT ENGINE FRONT
4,F

0.,80.,646.
-63.,80.,646.

-630 ,140' ,646n
0.,140.,646.

PG:LEFT ENGINE SIDE
4,F

0.,80.,646.
0.,80.,837.
-63.,80.,837.
-63.,80.,646.

PG:RIGHT ENGINE BOTTOM
4,F

0.,-80.,646.
0.,-80.,837.
0.,-140.,837.
0.,-140.,646.
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Table 3.3 - Continued

PG:RIGHT ENGINE FRONT
4,F

0.,-80.,646.
0.,-140.,646.
-63.,-140.,646.
-63.,-80.,646.
PG:RIGHT ENGINE SIDE
4,F

0.,-80.,646.
-63.,-80.,646.
-63.,-80.,837.
0.,-80.,837.
PG:HORIZONTAL STABILIZER
6,F

-239.,0.,1004.8
-239.,210.,1172.
-239.,210.,1243.
-239.,0.,1184.
-239.,-210.,1243.
-239.,-210.,1172.
SG:ELEMENT 1
-0.753,46.288

.14,-45.
.,0.,0.,2.78,3
.45,
.64,135.
.40.,0.,2.78,3
.698,45.

X:
G:ELEMENT 2
.363,50.

.14,0.
.,0.,0.,2.78,3
o y=45.
.64,180.
.»0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 3
-0.754,53.712

QORFOFRFRNONEOORFRPORN

.14,45.
.,0.,0.,2.78,3
.45,
.64,225.
.,0.,0.,2.78,3
.698,45.

OO MRORN
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Table 3.3 - Continued

SG:ELEMENT 4
-3.450,55.25

.14,90.
.,0.,0.,2.78,3
.y-45.
.64,270.
.,0.,0.,2.78,3
.698,45.

EOOHHOHN

SG:ELEMENT 5
-6.145,53.712

.14,135.
.,0.,0.,2.78,3
., —45.
.64,-45.
.,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 6
-7.261,50.

QOOREROFRN

.14,180.
.,0.,0.,2.78,3
0,"' .

.64,0.
.,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 7
-6.143,46.288

QO KEROFPN

.14,225.
.,0.,0.,2.78,3
., 45,

.64,45.
.,0.,0.,2.78,3
.698,45.

EOOHHOHN

SG:ELEMENT 8
-3.448,44.75

.14,270.
.,0.,0.,2.78,3
-64,90.
.,0.,0.,2.78,3
.698,45.

HOORRPORN
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Figure 3.4. 3-D views of the Boeing 727 model for bottom-mounted TCAS
IIT system.
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E. SCATTERING ERROR CURVES OF THE BOEING 727

The steps followed to generate the scattering error curves are
given in Appendix B and will not be repeated here. It is enough to
mention that the lookup table [4] generated for the top-mounted array
corresponds to an elevation angle of 10°. On the other hand, the
lookup table for the bottom-mounted array corresponds to an elevation
angle of -10°.

The calculated bearing error curves are very useful in evaluating
the performance of the TCAS system. The errors being investigated here
are due to scattering by the structure of the airplane; i.e., wings,
tail, and engines. The error curves can also be used to determine the

optimum location of the TCAS array. Time and money can be saved if all
the analyses described here is done before a TCAS system is installed
and tested.

Several error curves for the top- and bottom-mounted TCAS array
with different elevation angles are generated here. Figure 3.5 shows
some error curves for the top-mounted array for several typical
elevation angles. Figure 3.6 also shows some curves for the bottom-
mounted array for several elevation angles. From these error curves,
several conclusions may be drawn:

(1) As expected, the top-mounted array is only good for positive
elevation angles. It is easy to see that the radiated fields
will be blocked by the Boeing 727’s fuselage and wings for
negative elevation angles. For the same reasons, the bottom

TCAS III system is only good for negative elevation angles.
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F.

(2)

(3)

(4)

From Figure 3.5, the errors at an elevation angle of 45°
are larger than those at 10°. This result seems
unreasonable; however, it is important to keep in mind that
the lookup table was obtained for an elevation angle of 10°.
Thus, the larger errors predicted at 45° may be due to the
fact that the patterns of the elements of the TCAS array
(monopoles) are not constant as a function of the elevation
angle.

As mentioned in the previous chapter, the two-monopole model
generates error curves that are only good in the region 90°
to -90°. The large errors predicted in the back of the
aircraft are probably exaggerated.

The position of the bottom antenna might not be the ideal
location. The fields radiated by the TCAS array in the aft
direction are blocked by the AFT structure of the Boeing
727's fuselage (see Figure 3.2). Thus, the bottom-mounted
antenna may need to be placed at the lowest position of the
fuselage to obtain a better line of sight in the aft

direction.

THE OPTIMUM POSITION OF THE TOP-MOUNTED TCAS III ON THE BOEING 737

The scattering error curves can also be used to determine the

optimum position of the TCAS array on an aircraft. An example that is

considered here is the determination of the optimum position of a top-

mounted array on a Boeing 737 aircraft. According to [5], the

diffraction from the vertical stabilizer produces serious scattering
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Figure 3.5. Error curves for the top-mounted TCAS array for several
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Figure 3.5.
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Figure 3.5.
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Figure 3.6. Continued.
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Figure 3.6. Continued.
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errors which adversely affect the performance of the TCAS system. By
studying the sum and difference beams and the monopulse curves of the
five different antenna positions depicted in Figure 3.7, it is
determined in [5] that the best position of the TCAS array is as close
to the nose of the aircraft as possible. In this section, the
scattering error curves will be used to find the optimum array location.

Figure 3.8 shows scattering error curves of the Boeing 737
corresponding to antenna position A to E with elevation angles of 0° and
10°. VWhen the elevation angle is 10°, position E which is the closest
to the nose gives the smallest average error and standard deviation.
However, when the elevation angle is 0°, position D rather than E has
the best result. It appears that for an elevation angle of 0°, the
fuselage-blockage is more pronounced at position E than D when the beams
are directed tovard or near the tail of the aircraft. Therefore, the
optimum position of the TCAS III array will change slightly with the
elevation angle. Thus, one should choose the position which has the
best average performance in all elevation angles. Therefore, the
position which is close to the nose of the aircraft but still on thev
flat region of the fuselage would be a good choice. 1In this case,
position D appears to be better than position E for the overall
performance of the TCAS system.

An added benefit of mounting the array near the nose of the Boeing
737 aircraft is that the fuselage blockage is reduced for angles of
elevation below the horizon in the forward direction. Note that the
same analysis can be done to find the optimum position of the TCAS III

array on the Boeing 727.
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Antenna 2 coordinate

Location (inches)
A 310
B 190
C 70 ; current TCAS position
D - 50 for Boeing 737 model
E -170
NOSE -308.56
E D [ B A

Figure 3.7. Five different array locations on the Boeing 737 computer
model [5].
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Table 3.4

Input Data of the Boeing 737 with Top-mounted

TCAS ITI for Aircraft Code

UN:INCHES

3

FQ: 1.06 GHZ
1,1.06,1.

FG: BOEING 737
77.,74.,830.,308.56
T

0.,0.,70.

PG: RIGHT WING

4,T

1.,75.,67.952
1.,536.93,316.14
1.,536.93,379.86
1.,75.,240.26

PG: LEFT WING

4,T

1.,-75.,240.26
1.,-536.93,379.86
1.,-536.93,316.14
1.,-75.,67.952

PG: TAIL

4,T
77.,8.25,618.55
284.147,8.25,819.056
284.147,0.,683.696
77.,0.,483.19

PG: TAIL

4,T

77.,0.,483.19
284.147,0.,683.696
284.147,-8.25,819.056
77.,-8.25,618.55
BO:

T

PP: POLAR PLOT IN DB
F

1,1.5,3

PD: AZIMUTH PLANE
90.,0.,80.

0,360,1

T, 1000000.
SG:ELEMENT 1
2.771,66.288

2

1.14,-45.
0.,0.,0.,2.78,3
1.,-45.
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Table 3.4 - Continued

1.64,135.
0.,0.,0.,2.78,3
0.698,45.

EX:

SG:ELEMENT 2
.921,70.

.14,0.
.,0.,0.,2.78,3
AR
.64,180.
.,0.,0.,2.78,3
.698,45,

EX:

SG:ELEMENT 3
.773,73.712

QO RO NW

14,45,
.,0.,0.,2.78,3
. =45,
.64,225,
.,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 4
«975.25

QO EOMMNN

.14,90.
.,0.,0.,2.78,3
.,-45.
.64,270.
.,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 5
-2.773,73.712

2

1.14,135.
0.,0.,0.,2.78,3
1.,-45.
1.64,-45.
0.,0.,0.,2.78,3
0.698,45.

EX:

SG:ELEMENT 6
-3.921,70.

2

1.14,180.
0.,0.,0.,2.78,3
1.,-45.

OCO=MPFOFRNO
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Table 3.4 - Continued

1.64,0.
0.,0.,0.,2.78,3
0.698,45.

EX:

SG:ELEMENT 7
-2.762,66.288

.14,225,
.»0.,0.,2.78,3
AR

.64,45.
.,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 8
.964.75

QO EROMN

.14,270.
.,0.,0.,2.78,3
.y —45.

.64,90.
.,0.,0.,2.78,3
.698,45.

OO

MOOr
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Scattering error curves of the Boeing 737

(a) Antenna position A with elevation angles of 0° and 10°

Figure 3.8.
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80




" _ 2 " _ g
: : : m
." . te feeeeeeeenaa- .h |||||||| teomceacacaaad L &
3 m ! g ] : : g
o " " (4] " "
! PO KI— [ 3
7 ; & : ; 8
' : N , H
i I P . L — faeraeenaen £
" : : "
H H —~ [} 1} ~
K : P B [T S [ S 4 3 O
[ ] '] H H WE ' L : : WE
H H D 1] 1 D
vAn H ! [ vAn 3 ' H ~
- s M Slescrscmcmmcccqecccccscessssnhescscsssscscnse Prevmsmnavenesd 5
3 : t = m T o K : 2w
o : : 2 o3 : " o
] H 1
R S— B o
42 m m : 33 m m z
z - H £ €Z------eeeee- dmesesosesccocpocosusoncian $ememmcceaaaad 8-
: : [ ' \
W ! ! o z ' H 2
o a . (X om . : : ;=
s L3INn 000 9¥ |TTTTTmEEmET NTTTTToTsssoogTocessescees I iiahiieiiiiaieh N
m " e " m 7
na : : ; aw : : ;
M : - s L R ﬂ ............ R Fhhhihd ¢ &
go : ; _ 2o : “ _
< \ ' . o< H ! .
mwa 4 ¢ £ -5 3 T AR § §
i . " . LE : : _
83 ; ! : 8% ; " ;
llllllllllll desascene
WUV : m W J..../.V H m ............. vﬂ
on i : &R H H
T d . 1 ' 3
. ; - ; g } + } } 2
® A M - - 0 S 0 5- ‘o-'

(c) Antenna position C with elevation angles of 0° and 10°
81

Figure 3.8. Continued.



T T g H : g
[ Freenaeenees i frareceeen & 5 | 1 " [e
& : : " : :

(2] . . N ' -
............ KIS Sl S SN - semmemeeeened AR &~
L] L] n 1] 1]
m m m 3 m m
............ R A e £ A
' : ! : -
1 1] ~~ 1 1] k3
............ EIUURUUUUUNN: SN SO =¥ 0 mmemeneneeeed S & Fw
" ' ¢ w " ] ] ) o
n 4 N a ' '

H H - 93 H H M
x ] ' : €« occecccnce-. Aumecescocamcsboconmsenancs temmemmaocana +
38 R beseseseneeeeg & 3 " : B

! ! o o5 : ! o

° " " o [] ecaccmeccomecfomcacoanaann n -------------- o4
- EERRREE e R \ROECEREE s R ¢ sz AT N : <
Y ' : < 3% : " -
. ’ z [ [ 4 3
MA ............ R m uuuuuuuuuuuu 4 w.ulu L3 ISR i ! w.vUI
zs m " '3 3 m " 3
: : ; 2 -3 IR SIS SURRRO SO IS
A R e ARALCITELIS R Rl ¢ 8N 53 ' ] : ¥
Q 1 N < vy W H i
l-- 1 ] .JL ' .
nd : : . W I - e
W Wl -vemreomean= devanancsnena heccccccccana dacunaveomanad .” “ uuuuuuuuuuuu R t %
@ : : : d da : :
o : : : < o | . = eeeeemaae] S
17 I F presnenee A & Y m m _
R : ! : = : : .

z ] ] ' . . N
- I R S SRR £ i IR e -Siiaas R 3

T ' ! ' ] o5 : !
oun ' 1 N~ ’ M .
R : : ; : : g
o A M - .e.m ‘o 5 0 G- o'

(d) Antenna position D with elevation angles of 0° and 10°
82

Figure 3.8. Continued.



R

180.

: ]
i 14
-+ ] 1
] : :
~ " . .
................... reccccccneee-d @
............ r T 8
: : :
............ ST PPN SN I 4
1] L] [ o0
. 1) 1
1] [} [}
. 1] 1]
------------ A...-n.-.-.--n-.. --n-.---.nnu'--unn.unuo..w
" u : :
» ' H .
$ g E Rt AR v 3
o3 m m
NQ|-r-occcennn- R it Rleiehdieie et [SASEbEbiiitds 4 o
[N} L .
- 1] L]
<3 ! ' .
2g-eemeees A ity TR 7
3 ; : .
I R demmmeeoees omeeeeeaee- ] 2
au : " "
e : " : ;
M licecesvrsscne deesoanassefpma= e eescssananee busesccncsavesd ”
2 ' : : 1
bw . ] '
< H H H =
‘ llllllllllll demenwnsfremevhoenrasnccavease T L L 3
82 : y " g
129 : : :
T D e beemecmmenan SR 1 g
1~ >l H H H 1
T 1 '
N~ ' ' .
! — re -]
o S 0 5- o-'
(930) ¥0o¥y3 ONIYv3E

AZIMUTH ANGLE (DEG)

" proseseseeeoed - 8

a2 !

o~ ' .
i eccccccmmaed L ©
H 8

" H

o ! .

Q ' bbbt ¢ w

© ' :

° ' ' ;
LI} a" m .............. 2
b H H .
g &g E T prommmees 1R

-] : '
'] - PRI S Lt ¢ S
W '
o ' :
Z $rmmmemesoet 2
; m .
3% proreey ¥
a2 m
g fremmemnenees ¥
tw !
0% [ l S
8z ] ¥
®Zz : .
g= ; benecenenene] 8
| . ) '
o N 1
N : : ;
r + + W
ol 4] 0 S- o-
(93Q) ¥youy¥3 ONIyv3ia

AZIMUTH ANGLE (DEG)

(e) Antenna position E with elevation angles of 0° and 10°

Figure 3.8. Continued.

83



CHAPTER IV
SIMULATION OF AN ENCOUNTER BETWEEN A TCAS-EQUIPPED
BOEING 727 AND ANOTHER AIRPLANE

A. INTRODUCTION

Another application of the scattering error curves generated in the
previous chapter is discussed here. This chapter describes the computer
simulation of an encounter between a TCAS III-equipped Boeing 727 and an
airplane (equipped with a transponder) in its vicinity. This airplane
is sometimes referred to as the intruder. The details of this program
are discussed in [4] for an encounter of a Boeing 737 instead of a
Boeing 727. The algorithm discussed here is an improved version of the
one discussed in [4]. The main improvement is the careful calculation
of an escape path followed by the TCAS III-equipped airplane. The
simulation is done for top- and bottom-mounted TCAS III arrays. Note
that in this simulation, the flight paths of the two airplanes in the
earth-fixed coordinate have constant altitude, including the escape

path.

B. COORDINATE SYSTEMS

The calculation of the position, velocity, height, etec., of the two
airplanes being studied requires the use of the three coordinate systems
shown in Figure 4.1. The first coordinate system is referred to as the

earth-fixed coordinate system. This system is fixed on the earth and
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zl
yl
X
xl
X,¥,2 earth-fixed coordinate system

x',y’,2’ : airplane-fixed coordinate system
- x",y",z" : TCAS-fixed coordinate system

Figure 4.1. Three coordinate systems.
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is independent of the aircraft. The second coordinate system is
referred to as the airplane-fixed coordinate system. The origin of this
coordinate system is fixed on the airplane at the position where the
TCAS array is located. The x axis is fixed in the direction of the
flight path of the aircraft and the z-axis is kept the same as the
earth-fixed coordinate system; then the y axis can be determined since x
and z are known. The last coordinate system is referred to as the TCAS-
fixed coordinate system. The difference between the airplane- and TCAS-
fixed coordinates is that the z axis of the latter is fixed on the TCAS
IIT array. In other words, when the aircraft rolls, the z axis of the
TCAS-fixed coordinate system will also roll. The transformations
between these coordinate systems will be discussed in more detail in the

following sections and in Appendices C and E.

C. SIMULATION ALGORITHM

Figure 4.2 is a flow chart showing the steps of the computer
simulation of the encounter between a TCAS-equipped airplane and a
intruder-equipped with a transponder. Before starting the simulation;
the scattering error curves should be generated in advance. For the
Boeing 727, there are 142 error curves, 71 for the top-mounted TCAS III
array for elevation angles -25° to 45° in steps of one degree and 71 for
the bottom-mounted TCAS III array for elevation angles -45° to 25°, also
in steps of one degree. For both cases, the azimuth angle is from 0 to
360 in steps of one degree. The accuracy of the simulation can be

improved by calculating a larger number of error curves.
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INPUT DATA OF
THE MOTION OF THE
TCAS~EQUIPPED AIRCRAFT -
AND THE INTRUDER
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DETERMINE x-y POSITION
OF INTRUDER
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ESTIMATING ALL PARAMETERS

PLOT OUT ALL INFORMATION
IN GRAPHS

Figure 4.2.

Flow chart of tracking simulation.
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As shown in Figure 4.2, the parameters which describe the exact
paths of the two aircraft in the earth-fixed coordinates should be
input. After a series of coordinate transformations, the relative path
of the intruder can then be calculated. Furthermore, if it is desired,
an escape path can also be input in the earth-fixed coordinate system.
As explained later, the escape can be specified by two parameters. An
algorithm will then calculate the path of the intruder in the airplane-
fixed coordinate system, taking into account the escape path followed by
the TCAS-equipped airplane.

Since this simulation concentrates on studying the errors of the
TCAS III system in calculating the bearing of the intruder due to
structural scattering, the scattering error curves are added to the
exact bearing of the intruder in the TCAS-fixed coordinate system. As
discussed in [4], the sources of error are divided into two groups to
simplify this simulation. One source of error is structural scattering
wvhich is taken into account with the error curves. The second source of
error is a combination of hardware-related errors, thermal noise and
errors introduced by the inertial navigation system [11]. In this
algorithm, the second source of error is simulated by a Gaussian noise
generator with zero mean and a standard deviation given in Equation
(4.7). After adding these two sources of error; the position of the
intruder in the TCAS-fixed coordinate system, which is referred to as
the detected position, can be determined. This position is then input
to the alpha-beta filter [4] to calculate the horizontal miss distance,
time to closest point of approach (time to CPA), speed, etc. [4]. The

a-B parameters used for the alpha-beta filter are the same as those used
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in [4]; namely, a=0.25 and B=0.066 with a sampling time interval of 1
second. Note that the whole simulation can be displayed on a color
workstation using the Graphical Kernel System (GKS). The color display
shows the exact and detected location of the intruder and various

parameters which is updated every second.

D. RELATIVE PATH CALCULATION

The next step according to Figure 4.2 is to calculate the relative
path of the intruder in the airplane-fixed coordinate system. For
simplicity, it is assumed that the aircraft with the TCAS III system is
initially flying in the x direction of the earth-fixed coordinate.

Since the input parameters are given in the earth-fixed coordinate
system, the calculation of the relative path and velocity of the
intruder in the airplane-fixed coordinate system involves the
transformation between the earth-fixed and airplane-fixed coordinate
systems. Appendix C describes a general algorithm to accomplish this
transformation. It is assumed that the flight paths of the two
airplanes are constant altitude paths in the earth-fixed coordinate
system.

As long as the TCAS-equipped airplane flies in a straight-line path
and does not rotate around the x-axis, the airplane-fixed and TCAS-fixed
coordinate systems are the same. However, if the TCAS-equipped airplane
starts to follow an escape path to avoid a mid-air collision, these two
coordinate systems are no longer the same due to the rotation of the‘
aircraft around the x-axis as depicted in Figure 4.1. Unlike the

coordinate transformation discussed in Appendix C, the transformation
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betveen the airplane- and TCAS-fixed coordinate systems is very simple.

It is shown in Appendix C.

E. ESCAPE CURVE CALCULATION

When an aircraft, wvhich is initially flying in a straight line,
starts to turn to the right or left, it will roll its fuselage and
introduce a centrifugal force [8]. During a steady coordinate turn
maintaining constant altitude, the lift tends to produce a horizontal
component of force equal to the centrifugal force of the turn and a
vertical component of force equal to the weight of the airplane, such
that there is no acceleration in the vertical directions as depicted in
Figure 4.3.

From Figure 4.3, one finds that

w = Lecosé¢
m - %ﬁ = L-sin¢ = v tand¢ = mg tan¢é
and

r - Eo—‘t%ﬁ?» | (4.1)
where r is the turn radius, L is the lift, V is the speed, ¢ is the bank
angle, g is the gravitational constant, and M and V are the mass and
weight of the airplane, respectively. Also, the normal acceleration is
given by
V2
r

a =V _ gotans . (4.2)

n
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Figure 4.3. Turn flight of an aircraft [8].

If a function which describes the changes of bank angle with time
is given, the normal acceleration can be obtained from (4.2). Appendix
D discusses a numerical solution which calculates the escape path when
a is given. A closed form solution is very difficult to obtain and in
general does not exist.

Figure 4.4 shows a typical case of the change of the bank angle
with respect to time. It is almost linear except at the top area and
bottom of the curve. In this simulation, it is assumed that both
aircraft alwvays keep a constant speed, and when the TCAS-equipped

airplane turns, the bank angle will change linearly with respect to time

91
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Figure 4.4. Relationship between bank angle and bearing in a typical

turning flight [12].

until it reaches a maximum value. The algorithm in Appendix D will work
for any arbitrary function that describes the bank angle as a function
of time. Figure 4.5 shows four typical escape curves. The velocity is
287 knots and the numerical calculation was done in millisecond steps.
The four curves are 6 sec to 45°, 10 sec to 45°, 6 sec to 30°, and 10
sec to 30°. For example, 6 sec to 45° means that it takes 6 seconds to

roll to a bank angle of 45° (linearly) and keeps at 45°.
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F. ELEVATION ANGLE AND BEARING CALCULATION

Since the escape curve was discussed in Section E, the next step is
to calculate the exact elevation angle and bearing of the intruder
relative to the TCAS-fixed coordinate system. Appendix E shows a
detailed procedure to calculate the elevation and azimuth angles in the

TCAS-fixed coordinate system.

5-MAY {988 16:38:08.41 MAX = 12895.58

- \\‘/ = 267 KNOTS  DIVISION = 0.001 SEC
S ESCARE CURVES
(=2
=

10 ¢ to 30\degs:
=
(=]
D
M~

\\\ :\\\
Y t 30\§
\ ec to 45:idegs

\\ \e sec to 45 Hega
NN

N

-40. -35. -30. -~25. -20. -55. -10. -5. 0.
TIME TO CPA (SEC)

MISS DISTANCE (FT)
5000
4
“1

2500.

Figure 4.5. Four typiéal escape curves.
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Figure 4.6 shows the definitions of the elevation and azimuth
angles. Actually, 6=90° - elevation angle is more useful in this
simulation than the elevation angle. From Appendix E, where the

calculations of the theta and azimuth angles are discussed, 0 is given

by

1 y-sineB + z-coseB

6 = cos (4.3)

VX2 + y? 4+ zt

where (x,y,z) is the target position relative to the airplane-fixed

coordinate system and GB is the bank angle. When 9B=0, one finds that

6 = cos™! z (4.4)
12 + y? + z%

as defined originally. Furthermore, the azimuth angle, ¢, can be

expressed as follows:
1(y~coseB - z-sineB]

¢ = tan = . (4.5)
Vhen OB=0, (4.5) reduces to
$=tan L . (4.6)

All the calculations of the TCAS system are done in the TCAS-fixed
coordinate system; however, all the results of the simulation are
displayed in the airplane-fixed coordinate system. Thus, Appendix E
also discusses the transformation between the TCAS-fixed and airplane-

fixed coordinates.
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TCAS I -]

Elevation angle = 90-0
Azimuth angle = ¢

Figure 4.6. Definition of elevation and azimuth angles [4].

G. DEGRADATION OF THE PERFORMANCE OF THE TCAS-III SYSTEM

As mentioned in the introduction of this chapter, the performance
of the TCAS system is negatively affected by various sources of error
wvhich are carefully discussed in [4], [11]. 1In this simulation the
sources of error are divided into two parts. The first is the error due
to structural scattering which is described by the scattering error
curves and the second source of error is given by a Gaussian noise
generator of zero mean and a standard deviation which is given in this
section.

Recall that in the encounter it is assumed that both airplanes are
flying in straight lines, at a constant altitude ahd speed with respect

to the earth-fixed coordinate system. Once the exact position of the
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intruder is determined in the airplane-fixed coordinate system (range,
elevation angle, and bearing), the error curves are added to the exact
bearing to simulate the errors due to structural scattering. If
desired, one can also add the output of the noise generator to the
bearing information to simulate the random errors induced by thermal
noise, hardware-related errors, etc. Note that the bearing obtained
after the two sources of error are added is referred to as the detected
bearing. This is discussed in more detail in [4].

The standard deviation of the noise generator is given by [4]

oy = {i.132 (.97z + ('35SjN°64)2] " .142}* (4.7)

where

(SN_/10 - 2-Log (R/R))
S/N = 10 (4.8)

If the transponder power is 27 dBW, SNO is 26.4 dB at Ro=20 NMI

(nautical miles) [11]. Equation (4.7) then becomes
-3 % ,
oy = (1.22 + R? x 3.67 x 10 )" . (4.9)
where R is in nautical miles (NMI).
It is easy to see that when R is small, % is nearly a constant;
however, when R is large, % is a function of distance. Appendix F

discusses the computer program used to generate random numbers with a

normal distribution.
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Once the detected bearing of the intruder in the TCAS-fixed
coordinate system is obtained, and because the range and height of the
intruder in the airplane-coordinate is known from the communication of
the two aircraft, the détécted position of the intruder in the airplane-

fixed coordinate system can be calculated as shown in Appendix E.

H. o—-B8 FILTER

The function of the alpha-beta filter is to accept samples of the
intruder’s position and to filter this data so that the resulting output
samples are the smoothed estimates of the present position and velocity
of the intruder.

According to [9]; the values of «=0.25 and B=0.066, wvere selected
for the alpha-beta filter in the TCAS system. When the target’s speed
is between 100 ft./sec and 1000 ft./sec, and its acceleration is below
16 ft./sec?, and the update rate of the detected data is 1 second, they
are optimum choices.

There are two separate o-f filters for the x and y coordinates.

Each filter is defined by the following set of difference equations [4]:

X = xpk + a(xk-xpk) (4.10)
£ -k . +B@x -x) (4.11)
k= Feer * 1 K- Xk

and
ety = B+ T & (4.12)
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vhere
T : sampling time period

Xk: detected position of the Kth measurement
h

ik: smooth estimation of the K'" position

h

X, : smooth estimation of the Kt velocity, and

k

ka: predicted value.

Because the desired outputs are ik and ik’ Equations (4.10)-(4.12)

can be simplified as follows:

= (l-u)(Xk_1 + T*Xk_l) + oX

>4
=
|

" (4.13)

and

-
x
]

a-e %, + L& -% (4.14)

Since these are recursive equations, i; = Xo and X = io are chosen as

o
the initial values, where Xo and io are the x- or y-components of the
initial position and velocity, respectively, of the intruder in the

airplane-fixed coordinate system.

I. CALCULATION OF PARAMETERS

.Some parameters can be deduced from the basic information of the
relative path of the intruder. From these parameters, one can better
understand the performance of the TCAS system. Also, two important

curves, the horizontal miss distance curve and the threshold envelope,
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which are used to predict a collision, can be obtained from these
parameters.

In order to predict a collision there are four basic parameters
that need to be calculated; namely, time to CPA (closest point of
horizontal approach), miss distance (in the x-y plane), bearing rate in
the x-y plane and threshold. Additional parameters are explained in
more detail in Reference [10]. The horizontal miss distance at CPA
between an intruder and the TCAS-equipped aircraft is the predicted
closest point of approach as shown in Figure 4.7. When this miss
distance is small, the two airplanes will be dangerously close if they
are flying at about the same altitude. This parameter is valid when the

relative path of the intruder is a straight line. From [4,10]), one

finds that

m = Bt ;:k.ik and v - |12 1 (4.15)
where

m ¢ miss distance at the kth time index

§ 5 : smoothed estimation of the relative velocities in the x,y

directions at the kth time index, and

k’Yk: smoothed estimation of the relative positions at the kth

>4

time index.
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Another important parameter is the bearing rate, ﬁ, the change of
the bearing per second. The sign of B indicates the direction of the
change of the target’s bearing, where positive B indicates counter
clockwise rotation and negative B indicates clockwise rotation. The
bearing rate at the kth time index is given by [4]

?5?5_:_3_§5 . (4.16)
k

Therefore, m, can be rewritten as

2 2
Rk + Yk

k ~ Vk

* By - (4.17)

“-Z (UP)

+X (NORTH)

- RELATIVE TARGET
R POSITION (X,Y)
v

; RELATIVE TARGET VELOCITY
VECTOR (Xi+Y3)

+Y (EAST) CPA COORDINATES
X ,Y
[= B ]

Figure 4.7. Horizontal projection of target relative to own [10].
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Time to CPA (tk) is used to estimate how long it will take for the

target to reach the closest point of approach. It can be written as

(4.18)

From (4.15), the miss distance error can be approximately expressed by

.2 2 .
+ Yk T 8Bk (4.19)

e |

2
Gmk = K

vhere Sﬁk is the error in estimating the bearing rate. Equation (4.19)

is valid as long as the estimates ik and ?k are accurate.

Equation (4.19) is a very important equation because it indicates
that the error in estimating the horizontal miss distance is directly
proportional to the error in estimating the bearing rate. According to
[11], if the target’s horizontal miss distance is at least three times
the one-sigma uncertainty in miss distance, then a mid-air collision is
virtually assured. Thus, the horizontal threshold Thk is given by

Tk = 3 o + 1000 (ft) (4.20)

where Ok is the standard deviation of the miss distance error at the

th

k™ index time, and 1000 is an added safety factor. It follows from

(4.19) that

=2 2
+ Y T, O
k k 'k Bk

Ty = 3 X + 1000 (ft) (4.21)
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vhere ¢, 1is the standard deviation of the bearing rate error at the kth

Bk

index time. The standard deviation ¢, 1is given by [4,10]
Bk

3 -3 ,2\%

o, =(5.88 x 10~ + 3.67 x 10 Rk) (4.22)

Bk

vhere Rk is the range at the kth index time. Another threshold that
needs to be considered is the vertical threshold. In this report, it is
assumed that if the relative altitude of the intruder in the airplane-
fixed coordinate system is less than 200 ft., then there is a danger of

collision.

J. EXAMPLE

Figure 4.8 depicts a flow chart of the data processing done by a
TCAS III system of a typical encounter with an intruder. A ground
radar, which is much more accurate than the TCAS system, also tracks the
encounter to evaluate the performance of the TCAS array. Figure 4.9(a)
shows the path of the intruder in the airplane-fixed coordinate system.
Figures 4.9(b), 4.9(c) and 4.9(d) show the errors in calculating the
bearing, bearing rate and horizontal miss-distance, respectively, as a
function of time. The encounter angle is 90° in the earth-fixed
coordinate system and the speeds (also in the earth-fixed coordinate) of
the TCAS-equipped and intruder airplanes are 288.44 knots (in the x-
direction) and 180 knots (in the y-direction), respectively. The
starting position of the intruder is Xo=3.205 NMI (19,486 ft) and

Yo=-2 NMI (-12160 ft); while, its relative altitude is +300 ft. and its
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Figure 4.8.
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Figure 4.9. Real encounter example [12].
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relative speed is 340 knots. This means that the time to CPA is 40
seconds.

Figure 4.10 shows the encounter in the earth-fixed coordinate
system starting at 40 seconds to CPA. The solid line is the path of the
TCAS-equipped aircraft and the dashed line is the path of the target.
Figure 4.11 depicts the simulation of this encounter in the airplane-
fixed coordinate system without random noise. The solid line is the
exact path while the dot-dashed line, which overlaps the solid line and
is difficult to identify here, is the detected path. The outside
envelope is the horizontal threshold envelope and the cross marks
indicate the miss distance curve. Since the miss distance curve falls
inside the threshold envelope, according to the TCAS system, there is a
potential danger of collision. Of course, the vertical separation has
to be checked to decide if there is danger of mid-air collision. The
threshold envelope is generated by moving normally (on both sides) to
the detected path of the intruder the threshold distance given in
(4.21). Likewise, the miss-distance curve is generated by moving
normally to the intruder’s detected path the miss distance given in
(4.17). Note that in contrast to the simulation discussed in [4}, in
this encounter the Boeing 727 airplane has a top- and bottom-mounted
antenna. The top antenna is used when the elevation angle is zero or
greater than zero; whereas, the bottom antenna is used for negative
angles of elevation.

As shown in Figure 4.2, one can choose to add or not to add random
noise. If this noise is not added, the results then reflect the

performance of the system with errors due to structural scattering only.
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If the noise is added, then the other sources of error, which were
already discussed, can be taken into account. Thus, Figure 4.12 is the
simulation of the encounter with random noise added. Note that the
detected position of the intruder is not affectgd very much and still
overlaps the exact path. However, the miss-distance curve is greatly
distorted when the intruder is far from the TCAS-equipped airplane. 1In
Figure 4.12 the miss-distance curve is outside the threshold envelope
vhen the range is 20,000 ft. For purposes of illustration, the miss-
distance curve is displayed with circles if it is outside the threshold
curve, and with cross-marks if it is inside the threshold envelope. The
large distortion of the miss-distance curve can be explained by noting
that the noise generator has a standard deviation which is proportional
to the range R (see Equation (4.9)). The result in Figure 4.12 is very
important because it illustrates the fact that the time at which a
decision is made as to whether there is a danger of collision or not
should be studied very carefully. The accuracy of the predicted miss-
distance increases as the separation between the two airplanes
decreases. However, a decision has to be made when there is enough time
to execute an escape curve. For example, if a decision would have been
made at 20,000 ft. (in Figure 4.12), it would have been concluded that
there was not a danger of collision; whereas, if a decision is made at
10,000 ft., the conclusion would have been that there is a danger of
collision, but there is the danger that not enough time is left to
follow an escape curve.

To evaluate the performance of the TCAS system, it is convenient to

plot some parameters as a function of time. Figure 4.13 shows the plots
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of some important parameters without random noise. The solid line
indicates the real data and the dashed line indicates the detected data.
The performance of the TCAS III is pretty good in this situation; i.e.,
wvhen only structural scattering is taken into account. Figure 4.13(g)
shows the plot of the angle theta, defined in Figure 4.6, as a function
of time. Since it is always less than or equal to 90°, only the top-
mounted antenna vas used in this particular encounter.

A more realistic model of the TCAS system is obtained if the output
of the noise generator is also taken into account. Figure 4.14(a) shows
the output of the noise generator discussed in the previous section.
Figures 4.14(b) - 4.14(g) show the same parameters calculated in Figure
4.13; however, noise is taken into account in Figure 4.14. The effect
of the random noise can be clearly evident in these results.

According to Figure 4.12 there is a potential danger of collision.
Obviously, no decision can be made until the vertical separation of the
tvo airplanes is also evaluated. In the encounter being considered
here, the vertical separation is 300 ft. For purposes of illustration,
it will be assumed that there is a danger of collision and it is
determined that an escape path must be followed by the TCAS-equipped
airplane.

Figure 4.15 is the plot in the earth-fixed coordinate when the TCAS
III-equipped aircraft takes a turn whose bank angle changes to 45° in 6
seconds. Figure 4.16 is the simulation of this encounter in the
airplane-fixed coordinate system when the TCAS-equipped airplane starts
the escape curve at 40 seconds to CPA. The top- and bottom-mounted

arrays are used in this case. To show the effect of the bottom antenna,
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Figure 4.10. The encounter in the earth-fixed coordinate system.
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Figure 4.11. The encounter in the airplane-fixed coordinate system
without random noise.
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Figure 4.12. Simulation of encounter in airplane-fixed coordinate system
with random noise added.
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Figure 4.13. The plots of some parameters as a function of time without
random noise.
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Figure 4.13. Continued.
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Figure 4.13. Continued.
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Figure 4.13. Continued.

Figure 4.17 shows the same encounter where only the top-mounted antenna
is used. Figure 4.18 clearly illustrates that using the top- and
bottom-mounted antennas gives better results than just the top or bottom
antenna alone.

Another case is considered in Figure 4.19 where the TCAS-equipped
aircraft turns in the opposite direction, i.e., its bank angle changes

to -45° in 6 seconds. Figure 4.20 is the simulation for this case.
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Figure 4.14. The plots of some parameters as a function of time with
random noise added.
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(d) Bearing rate
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Figure 4.14.
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Figure 4.14. Continued.

Comparing this result with the previous one, the two escape curves are
really effective because either one can be selected to avoid the
collision.

Figures 4.21 and 4.22 are the plots for another case where the
TCAS-equipped airplane takes a turn whose bank angle changes to 30° in
10 seconds, which is not as sharp as the previous escape curve
considered in Figure 4.15 or 4.19. Figures 4.23 and 4.24 are the plots
where the TCAS-equipped airplane takes a turn in the opposite direction

(10 seconds to -30°). Both cases are with random noise.

119



SPEED (KNOT)
92124
893.8

BANK ANGLE_(DEG)
4500
HEIGHT (FT)
30000
ANG (OEC)
00

Figure 4.15. The plot in the earth-fixed coordinate system when the
TCAS III takes an escape curve with 6 sec to 45°.
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Figure 4.16. Simulation of encounter without random noise in the
- airplane-fixed coordinate system when the TCAS-equipped

airplane takes an escape curve of 6 sec to 45°.
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Figure 4.17. Same case as Figure 4.16 but with the top antenna only.
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Figure 4.18. Comparison of error curves for a top-mounted, bottom-
mounted and top- and bottom-mounted TCAS array.
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Figure 4.18. Continued.
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Figure 4.19. Encounter in the earth-fixed coordinate system when the
TCAS III-equipped airplane takes an escape curve of 6 sec
to -45°.
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300.00

—— red

-~ detected

-------- threshold envelope
00000 miss distance curve (safe)
Y00 miss distance curve {danger)

Figure 4.20. Simulation of encounter of Figure 4.19 in the airplane-
fixed coordinate system without random noise.
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BANK ANGLE_(DEG)
30.00

SPEED (K80T)
62 HEIGHT (FT)
300,00

.56

DISTANCE (FT)
5.56 8198.
6.69 74

Figure 4.21. Encounter in the earth-fixed coordinate system when the
TCAS III-equipped airplane takes an escape curve of 10 sec
to 30°.
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8198. N
7741

— red

————getected

===~ threshold envelope
00000 miss distance curve (safe)
XOOOX  miss distance curve (danger)

Figure 4.22. Simulation of encounter of Figure 4.21 in the airplane-
fixed coordinate system with random noise added.
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&EﬂDanT)
359.51
37981

BANK ANGLE (DEG)
-30.00

DISTANCE (F
-10540. N
~10599.

Figure 4.23. Encounter in the earth-fixed coordinate system when the
TCAS III-equipped airplane takes an escape curve of 10 sec

to -30°,
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-10540. 0
-10599.

—_— red

- (etected

i threshold envelope
00000 miss distace cuve (safe)
XOOOCK miss distance curve (danger)

Figure 4.24. Simulation of encounter of Figure 4.23 in the airplane-
fixed coordinate system with random noise added.
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CHAPTER V

CONCLUSIONS

The purpose of this study is to develop a procedure to simulate
and estimate the performance of the Enhanced TCAS II system mounted on
the Boeing 727. It is worth mentioning that the procedure proposed
here applies to any other arrays mounted on the fuselage of any type of
aircraft.

There are three major steps that are followed to develop this
simulation. In the first step, two new computer models of the TCAS III
array elements (top-loaded monopoles) are developed with the help of a
moment method code [6,7]. These two models are better and more
realistic than the old two-monopole model [1]. The radiation pattern
of these two models (four- and nine-element models) are compared with
measured data to verify the analysis. Once the element models are
obtained, the next step is to build the complete model for the TCAS
array which means that the phase center of the actual array elements
have to be determined. Due to the lack of measured data, a moment
method code was used for this purpose. Note that in previous studies
[4), it was assumed that the phase center of each element of the actual
array was located at the actual element position. As shown by the
moment method analysis, this assumption was not correct. Note that the

phase centers of the two new models (four- and nine-element) had to be

determined also.
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The second important step is to build a computer model of the
aircraft, in this case a Boeing 727. This airplane model was used in
the Aircraft Code to calculate the radiation patterns of the TCAS array
elements. The element radiation patterns were then properly combined
to obtain the array patterns; i.e., sum and difference beams. Three
different array models were used; namely, the new two-monopole, four-
monopole and nine-monopole models. The difference between the old two-
monopole and the new two-monopole array models was the assumed phase
center of the actual array elements. In the new two-monopole model,
the phase center of the TCAS array elements was obtained with the
moment method code. The sum and difference beams were then used to
obtain the monopulse curves and then the scattering error curves. The
scattering error curves are useful because they can be used to predict
the overall performance of the TCAS system. They can also be used to
search for the optimum position of the TCAS array on the fuselage of
the airplane under study.

It turns out that in the region -90°<¢<90°, all the models
discussed here generate similar scattering error curves. However, in
the other regions there were discrepancies between the various error
curves. The old and new two-monopole models predicted large errors in
these regions. The results of the four- and nine-monopole models were
considered more accurate; however, the region of greatest interest is -
90°<¢$<90°; which means that the two-monopole model could still be used.

The last step was to utilize all the data and algorithms developed
here and in [9-16] to construct an algorithm that simulates the

tracking of an intruder by a Boeing 727 equipped with top and bottom
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TCAS antenna arrays. Although a similar algorithm has been developed
in [4] for a Boeing 737, the major improvement in the present algorithm
is the inclusion of accurate escape curves, which take into account the
roll of the aircraft as it changes bearing. Furthermore, the new
algorithm can switch between the top and bottom arrays to evaluate the
performance of each one. This new algorithm is very useful in
evaluating the performance of the TCAS arrays.

There are still some areas of future research associated with this
general topic discussed here. The weights of the TCAS array elements,
which are used to generate the sum and difference beams, were obtained
for a flat array. They may have to be adjusted in the computer models
so that the measured and calculated sum and difference beams are in
better agreement. Another area of research is to investigate whether
other antennas in the vicinity of the TCAS array, especially those
antennas operating at frequencies close to the TCAS array frequency of

operation affect the overall performance of the TCAS system.
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APPENDIX A

SOME INPUT DATA FOR THE CASES IN CHAPTER II

Tables A.1, A.2 and A.3 are input data of the ESP III Code [6,7].
Table A.1 simulates the transponder (see Figure 2.2) of the TCAS III on
a flat infinite ground plane to find its input impedance. Table A.2
simulates the array-element of the TCAS III array (small monopole of
Figure 2.2) on a flat infinite ground plane to also find its impedance.
Table A.3 simulates the whole TCAS III antenna array on an infinite
ground plane to calculate the induced current on each monopole and its
radiation pattern.

Tables A.4 through A.6 are input data for the Aircraft Code [2].
Table A.4 shows a Boeing 727 with the top-mounted off-centered TCAS III
system using the new two-monopole model for each element. Tables A.5
and A.6 show the four-monopole model and the nine-monopole model,

respectively. For detailed information, please refer Chapter II.
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Table A.1
Transponder Model
0,1,4,6,18,1,1,0

,1 9812E-3

.25,0,3,0

3388E 2 1.383E-2,1.905E-2
1.383E-2 3.3388E—2,1.905E—2
-1.383E—2,3.3388E-2,1.905E—2
-3.3388E-2,1.383E-2,1.905E-2
-3.3388E-2,-1.383E-2,1.905E-2
-1.383E-2,-3.3388E-2,1.905E-2
1.383E-2,-3.3388E-2,1.905E-2
3.3388E-2,-1.383E-2,1.905E-2
8,0.25,0,3,0
3.3388E-2,1.383E-2,-1.905E-2
1.383E-2,3.3388E-2,-1.905E-2
-1.383E-2,3.3388E-2,-1.905E-2
-3.3388E-2,1.383E-2,-1.905E-2
-3.3388E-2,-1.383E-2,-1.905E-2
-1.383E-2,-3.3388E-2,-1.905E-2
1.383E-2,-3.3388E-2,-1.905E-2
3.3388E-2,-1.383E-2,-1.905E-2

) (0 0 ),0.117
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Table A.2
Monopole Model
0 1,4,6,18,1,1’0

DN OO O
Ow ~ » »

,0.25,0,3,0
2.2506000E-02,9.3219997E-03,1.905E-2
9.3219997E-03,2.2506000E-02,1.905E-2
-9.3219997E-03,2.2506000E-02,1.905E-2
-2.2506000E-02,9.3219997E-03,1.905E-2
-2.2506000E-02,-9.3219997E-03,1.905E-2
-9.3219997E-03,-2.2506000E-02,1.905E-2
9.3219997E-03,-2.2506000E-02,1.905E-2
2.2506000E-02,-9.3219997E-03,1.905E-2
8,0.25,0,3,0
2.2506000E-02,9.3219997E-03,-1.905E-2
9.3219997E-03,2.2506000E-02,-1.905E-2
-9.3219997E-03,2.2506000E-02,-1.905E-2
-2.2506000E-02,9.3219997E-03,-1.905E-2
-2.2506000E-02,-9.3219997E-03,-1.905E-2
-9.3219997E-03,-2.2506000E-02,-1.905E-2
9.3219997E-03,-2.2506000E-02,-1.905E-2
2.2506000E-02,-9.3219997E-03,-1.905E-2
0,0

0..1.905E-2
0.00.
0..-1.905E-2

NE=NNEEROOON

“ W W w e e

HOOWN »
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Table A.3
Complete TCAS III Model
1,1,4,6,18,1,1,0

.25,0,3,0
.3388E-2,1.383E-2,1.905E-2
1.383E-2,3.3388E-2,1.905E-2
-1.383E-2,3.3388E-2,1.905E-2
-3.3388E-2,1.383E-2,1.905E-2
-3.3388E-2,-1.383E-2,1.905E-2
-1.383E-2,-3.3388E-2,1.905E-2
1.383E-2,-3.3388E-2,1.905E-2
3.3388E-2,-1.383E-2,1.905E-2
8,0.25,0,3,0
3.3388E-2,1.383E-2,-1.905E-2
1.383E-2,3.3388E-2,-1.905E-2
-1.383E-2,3.3388E-2,-1.905E-2
-3.3388E-2,1.383E-2,-1.905E-2
-3.3388E-2,-1.383E-2,-1.905E-2
-1.383E-2,-3.3388E-2,-1.905E-2
1.383E-2,-3.3388E-2,-1.905E-2
3.3388E-2,-1.383E-2,-1.905E-2
8,0.25,0,3,0
-7.1786687E-02,0.1036147,1.905E-2
-8.4970683E-02,0.1167987,1.905E-2
-0.1036147,0.1167987,1.905E-2
-0.1167987,0.1036147,1.903E-2
-0.1167987,8.4970683E-02,1.905E-2
-0.1036147,7.1786687E-02,1.905E-2
-8.4970683E-02,7.1786687E-02,1.905E-2
-7.1786687E-02,8.4970683E-02,1.905E-2
8,0.25,0,3,0
-7.1786687E-02,0.1036147,-1.905E-2
-8.4970683E-02,0.1167987,-1.905E-2
-0.1036147,0.1167987,-1.905E-2
-0.1167987,0.1036147,-1.905E-2
-0.1167987,8.4970683E-02,~1.905E-2
-0.1036147,7.1786687E-02,-1.905E-2
-8.4970683E-02,7.1786687E-02,-1.905E-2
-7.1786687E-02,8.4970683E-02,-1.905E-2
8,0.25,0,3,0
-0.1108440,9.3219997E-03,1.905E-2
-0.1240280,2.2506000E-02,1.905E-2
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-0.
-0.

Table A.3 —- Continued

1426720,2.2506000E-02,1.905E-2
1558560,9.3219997E-03,1.905E-2

-0.1558560,-9.3219997E-03,1.905E-2
-0.1426720,-2.2506000E-02,1.905E-2
-0.1240280,-2.2506000E-02,1.905E-2
-0.1108440,-9.3219997E-03,1.905E-2
8,0.25,0,3,0

—0 1108440 9.3219997E-03,-1.905E-2
-0.1240280,2.2506000E-02,-1.905E-2

-0.
-0.
-0.
-0.
-0.

-0.

1426720,2.2506000E-02,-1.905E~2
1558560,9.3219997E- 03, 1.905E-2
1558560,-9.3219997E-03,-1.905E-2
1426720,-2.2506000E-02,-1.905E-2
1240280, -2.2506000E-02,-1.905E-2
1108440,-9.3219997E-03,-1.905E-2

8,0.25,0,3,0

—7
-8.
-0.
-0.
-0.
-0.
-8.

-7.

1786687E 02,-8.4970683E-02,1.905E-2
4970683E-02,-7.1786687E-02,1.905E-2
1036147,-7. 1786687E 02,1. 905E 2
1167987,-8.4970683E-02,1.905E-2
1167987,-0.1036147,1. 905E 2
1036147,-0.1167987,1.905E-2
4970683E-02,-0. 1167987 1.905E-2
1786687E-02,-0.1036147,1.905E-2

8,0.25,0,3,0

—7
-8.
-0.
-0.
-0.
-0.
-8.

-7.

1786687E 02,-8.4970683E-02,-1.905E-2
4970683E-02,-7.1786687E-02,-1.905E-2
1036147,-7. 1786687E 02,-1. 905E 2
1167987,-8.4970683E-02,-1.905E-2
1167987,-0.1036147,-1. 905E 2
1036147,-0.1167987,-1.905E-2
4970683E 02,-0. 1167987, 1.905E-2
1786687E-02,-0.1036147,-1.905E-2

8,0.25,0,3,0
2. 2506000E 02,-0.1240280,1.905E-2
9.3219997E-03,-0.1108440,1.905E-2

-9.
-2.
-2.
-9.

3219997E-03,—0.1108440,1.905E—2
2506000E-02,-0.1240280,1.905E-2
2506000E-02,-0.1426720,1.905E-2
3219997E-03,-0.1558560,1.905E-2

9.3219997E-03,-0.1558560,1.905E-2
2.2506000E-02,-0.1426720,1.905E-2
8,0.25,0,3,0

2. 2506000E 02,-0.1240280,-1.905E-2
9.3219997E-03,-0.1108440,-1.905E-2

-9.
-2.
-2.
-9.

3219997E—03,—0.1108440,-1.905E—2
2506000E-02,-0.1240280,-1.905E-2
2506000E-02,-0.1426720,-1.905E-2
3219997E-03,-0.1558560,-1.905E-2

9.3219997E-03,-0.1558560,-1.905E-2
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Table A.3 — Continued

2.2506000E-02,-0.1426720,-1.905E-2
8,0.25,0,3,0
.1167987,-8.4970683E-02,1.905E-2
.1036147,-7.1786687E-02,1.905E-2
.4970683E-02,-7.1786687E-02,1.905E-2
.1786687E-02,-8.4970683E-02,1.905E-2
.1786687E-02,-0.1036147,1.905E-2
.4970683E-02,-0.1167987,1.905E-2
.1036147,-0.1167987,1.905E-2
.1167987,-0.1036147,1.905E-2
,0.25,0,3,0
.1167987,-8.4970683E-02,-1.905E-2
.1036147,-7.1786687E-02,-1.905E-2
.4970683E-02,-7.1786687E-02,-1.905E-2
.1786687E-02,-8.4970683E-02,-1.905E-2
.1786687E-02,-0.1036147,-1.905E-2
.4970683E-02,-0.1167987,-1.905E-2
.1036147,-0.1167987,-1.905E-2
.1167987,-0.1036147,-1.905E-2
,0.25,0,3,0
.1558560,9.3219997E-03,1.905E-2
.1426720,2.2506000E-02,1.905E-2
.1240280,2.2506000E-02,1.905E-2
.1108440,9.3219997E-03,1.905E-2
.1108440,-9.3219997E-03,1.905E-2
.1240280,-2.2506000E-02,1.905E-2
.1426720,-2.2506000E-02,1.905E-2
.1558560,-9.3219997E-03,1.905E-2
,0.25,0,3,0
.1558560,9.3219997E-03,-1.905E-2
.1426720,2.2506000E-02,-1.905E-2
.1240280,2.2506000E-02,-1.905E-2
.1108440,9.3219997E-03,-1.905E-2
.1108440,-9.3219997E-03,-1.905E-2
.1240280,-2.2506000E-02,-1.905E-2
.1426720,-2.2506000E-02,-1.905E-2
.1558560,-9.3219997E-03,-1.905E-2
,0.25,0,3,0
.1167987,0.1036147,1.905E-2
.1036147,0.1167987,1.905E-2
.4970683E-02,0.1167987,1.905E-2
.1786687E-02,0.1036147,1.905E-2
.1786687E-02,8.4970683E-02,1.905E-2
.4970683E-02,7.1786687E-02,1.905E-2
.1036147,7.1786687E-02,1.905E-2
.1167987,8.4970683E-02,1.905E-2
8,0.25,0,3,0
0.1167987,0.1036147,-1.905E-2
0.1036147,0.1167987,-1.905E-2
8.4970683E-02,0.1167987,-1.905E-2

QOWNNVDOOPVOOOOCOOOOWOOOOOOOOWMOOPVNNODOOPMOOPNINP®OO
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Table A.3 —— Continued

7.1786687E-02,0.1036147,-1.905E-2
7.1786687E-02,8.4970683E-02,-1.905E-2
8.4970683E-02,7.1786687E-02,-1.905E-2
0.1036147,7.1786687E-02,-1.905E-2
0.1167987,8.4970683E-02,-1.905E-2
8,0.25,0,3,0
2.2506000E-02,0.1426720,1.905E-2
9.3219997E-03,0.1558560,1.905E-2
-9.3219997E-03,0.1558560,1.905E-2
-2.2506000E-02,0.1426720,1.905E-2
-2.2506000E-02,0.1240280,1.905E-2
-9.3219997E-03,0.1108440,1.905E-2
9.3219997E-03,0.1108440,1.905E-2
2.2506000E-02,0.1240280,1.905E-2
8,0.25,0,3,0
2.2506000E-02,0.1426720,-1.905E-2
9.3219997E-03,0.1558560,-1.905E-2
-9.3219997E-03,0.1558560,-1.905E-2
-2.2506000E-02,0.1426720,-1.905E-2
-2.2506000E-02,0.1240280,-1.905E-2
-9.3219997E-03,0.1108440,-1.905E-2
9.3219997E-03,0.1108440,-1.905E-2
2.2506000E-02,0.1240280,-1.905E-2
0,0

18,27,18,9,0,0

0.,0.,1.905E-2

0.,0.,0.

0.,0.,-1.905E-2
-9.429E-2,9.429E-2,1.905E-2
-9.429E-2,9.429E-2,0.
-9.429E-2,9.429E-2,-1.905E-2
-0.13335,0.,1.905E-2
-0.13335,0.,0.
-0.13335,0.,-1.905E-2
-9.429E-2,-9.429E-2,1.905E-2
-9.429E-2,-9.429E-2,0.
-9.429E-2,-9.429E-2,-1.905E-2
.,-0.13335,1.905E-2

.,-0.13335,0.
.,-0.13335,-1.905E-2
.429E-2,-9.429E-2,1.905E-2
.429E-2,-9.429E-2,0.
.429E-2,-9.429E-2,-1.905E-2 .
.13335,0.,1.905E-2

.13335,0.,0.

.13335,0.,-1.905E-2
.429E-2,9.429E-2,1.905E-2
.429E-2,9.429E-2,0.
.429E-2,9.429E-2,-1.905E-2
.,0.13335,1.905E-2

QOVWOUWOWOOOWVWWYWWYWOOO
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Table A.3 —— Continued
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Table A.4

Boeing 727 Model with Top-Mounted Off-Centered TCAS III
(Twvo-Monopole Model)

UN:INCHES

3

FQ:1.06 GHZ
1,1.06,1.

FG:
74.,74.,1064.,330.
T

0.,0.,50.

PD:

90.,0.,80.
0,360,1

T, 1000000.

BO:

T

PP:POLAR PLOT IN DB
F

1,2.,3

PG:LEFT WING
6,T
-48.4,78.,249.
-48.4,277.,411.
-48.4,625.,636.
-48.4,652.,750.
-48.4,250.,587.
-48.4,76.,558.
PG:RIGHT VING
6,T
-48.4,-76.,558.
-48.4,-250.,587.
-48.4,-652.,750.
-48.4,-625.,636.
-48.4,-277.,411.
-48.4,-78.,249.
PG:RIGHT VERTICAL STABILIZER
4,T

40.6,0.,719.
227.6,0.,996.
227.6,-15.,1257.
40.6,-15.,980.
PG:LEFT VERTICAL STABILIZER
4,T
40.6,15.,980.
227.6,15.,1257.
227.6,0.,996.
40.6,0.,719.
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Table A.4 -~ Continued

PG:LEFT HORIZONTAL STABILIZER
4,F

214.6,14.,1188.
214.6,210.,1243.
214.6,210.,1172.
214.6,14.,1016.
PG:RIGHT HORIZONTAL STABILIZER
4,F

214.6,-14.,1016.
214.6,-210.,1172.
214.6,-210.,1243.
214.6,-14.,1188.
PG:CENTER ENGINE FRONT
4,T

50.6,22.,652.5
120.6,22.,652.5
120.6,-22.,652.5
50.6,-22.,652.5
PG:CENTER ENGINE LEFT
4,T

45.6,22.,710.
120.6,22.,815.
120.6,22.,652.5
50.6,22.,652.5

PG: CENTER ENGINE RIGHT
4,T

5006,"22' ’652.5
120.6,-22.,652.5
120.6,-22.,815.
45.6,-22.,710.
PG:RIGHT ENGINE TOP
4,F

38.6,-80.,646.
38.6,-80.,837.
38.6,-140.,837.
3806’-1400 ,646.
PG:RIGHT ENGINE FRONT
4,F

38.6’-800 ’6460
38.6,-140.,646.
-24.4,-140.,646.
-24.4,-80.,646.
PG:RIGHT ENGINE SIDE
4,F

38.6,-80.,646.
-24.4,-80.,646.
-24.4,-80.,837.
38.6,-80.,837.
PG:RIGHT PYLON

4,T
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-11.9,-60.
-11.9,-81.
-11.9,-81.
-11.9,-65.

Table A.4 - Continued

y854.
,y827.
,682.
,682.

PG:LEFT PYLON

4,T
-11.9,65.,
-11.9,81.,
-11.9,81.,
~11.9,60.,

682,
682.
827.
854.

PG:LEFT ENGINE TOP

4,F

38.6,80.,646.

38.6,140.,
38.6,140.,

646.
837.

38.6,80.,837.
PG:LEFT ENGINE FRONT

4,F

38.6,80.,646.

~24.4,80.,
~24.4,140.
38.6,140.,

646.
y646.
646.

PG:LEFT ENGINE SIDE

4,F

38.6,80.,646.
38.6,80.,837.
-24.4,80.,837.

-24.4,80.,

646.

SG:ELEMENT 1
-0.47,45.856

.14,-45.

. ,—45o
.64,135,

QO FPORN

.698,45.
x'

.86,50.
.14’0.

., -45.
.64,180.

QORRFRORNOVNM

.698,45.
EX:

.,0.,0.,2.78,3
. ’0. ,0. ,2.78’3

G:ELEMENT 2

.,0.,0.,2.78,3

"O. ’00 '2.78’3

SG:ELEMENT 3
-0.47,54.144
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Table A.4 - Continued

.14,45.
.»0.,0.,2.78,3
.y=45.
.64,225.
.,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 4
-3.683,55.86

QORROMFN

.14,90.
.,0.,0.,2.78,3
. 945,
.64,270.
.,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 5
-6.895,54.144

QCOREROMN

.14,135.
.,0.,0.,2.78,3
., 45,

.64 ,-45.
.,0.,0.,2.78,3
.698,45.

OO ROMEN
>4

SG:ELEMENT 6
~-8.224,50.

.14,180.
.,0.,0.,2.78,3
«y=45.

.64,0,
+40.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 7
-6.886,45.856

QO =O N

.14,225.
.,0.,0.,2.78,3
«,—45.

.64,45.
.,0.,0.,2.78,3
.698,45.

EX:

SG:ELEMENT 8
-3.681,44.14

QORMERO=N
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Table A.4 - Continued

2
1

0

14,270.

»0.,0.,2.78,3

¢

0

EX:
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Table A.5

Boeing 727 Model with Top-Mounted Off-Centered TCAS III
(Four-Monopole Model)

UN:INCHES

3

FQ:1.06 GHZ
1,1.06,1.

FG:
74.,74.,1064.,330.
T

0.,0.,50.

PD:

90.,0.,80.
0,360,1

T, 1000000.

BO:

T

PP:POLAR PLOT IN DB
F

1,2.,3

PG:LEFT VING
-48.4,78.,249.
-48.4,277.,411.
~-48.4,625.,636.
-48.4,652.,750.
-48.4,250.,587.
-48.4,76.,558.
PG:RIGHT WING
-48.4,-76.,558.
-48.4,-250,,587.
-48.4,-652.,750.
-48.4,-625.,636.
-48.4,-277.,411.
-48.4,-78.,249.
PG:RIGHT VERTICAL STABILIZER
4,T

40.6,0.,719.
227.6,0.,996.
227.6,-15.,1257.
40.6,~15.,980.
PG:LEFT VERTICAL STABILIZER
4,T
40.6,15.,980.
227.6,15.,1257.
227.6,0.,996.
40.6,0.,719.
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Table A.5 - Continued

PG:LEFT HORIZONTAL STABILIZER
4,F

214.6,14.,1188.
214.6,210.,1243.
214.6,210.,1172.
214.6,14.,1016.
PG:RIGHT HORIZONTAL STABILIZER
4,F

214.6,-14.,1016.
214.6,-210.,1172.
214.6,-210.,1243.
214.6,-14.,1188.
PG:CENTER ENGINE FRONT
4,T

50.6,22.,652.5
120.6,22.,652.5
120.6,-22.,652.5
50.6,-22.,652.5
PG:CENTER ENGINE LEFT
4,T

45.6,22.,710.
120.6,22.,815.
120.6,22.,652.5
50.6,22.,652.5

PG: CENTER ENGINE RIGHT
4,T

50.6,-22.,652.5
120.6,-22.,652.5
120.6,-22.,815.
45.6,-22.,710.
PG:RIGHT ENGINE TOP
4,F

38.6,-80.,646.
38.6,-80.,837.
38.6,-140.,837.
38.6,-140.,646.
PG:RIGHT ENGINE FRONT
4,F

38.6,-80.,646.
38.6,-140. ,646.
~24.4,-140.,646.
-24.4,-80.,646.
PG:RIGHT ENGINE SIDE

4,F
38.6,—800 ,646.
-2404,—800 ,646.

-24.4,-80.,837.
38.6,-80.,837.
PG:RIGHT PYLON
4,T
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Table A.5 - Continued

-11.9,-60.,854.
-11.9,-81.,827.
~11.9,-81.,682.
-11.9,-65.,682.
PG:LEFT PYLON

4,T

-11.9,65.,682.
-11.9,81.,682.
-11.9,81.,827.
-11.9,60.,854.
PG:LEFT ENGINE TOP
4,F

38.6,80.,646.
38.6,140. ,646.
38.6,140.,837.
38.6,80.,837.
PG:LEFT ENGINE FRONT
4,F

38.6,80.,646.
-24.4,80.,646.
-24.4,140. ,646.
38.6,140.,646.
PG:LEFT ENGINE SIDE
4,F

38.6,80.,646.
38.6,80.,837.
-24.4,80.,837.
-24.4,80.,646.
SG:ELEMENT 1 INDUCED CURRENT MODEL ON 727
-3.885,50.262

.,0.
.,0.,0.,2.78,3
.3564,102.
.25,0.
.y0.,0.,2.78,3
.4169,103.
.25,270.
.40.,0.,2.78,3
.4422,101.
.25,-45.
.,0.,0.,2.78,3
.812,-19.

EX:

SG:ELEMENT 2 INDUCED CURRENT MODEL ON 727
-3.969,50.

4

0.,0.
0.,0.,0.,2.78,3
0.3564,102.

QOULOOUVOOULOOO &
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Table A.5 - Continued

SG:ELEMENT 3 INDUCED CURRENT MODEL ON 727

(321 o o

[ [eo] [}

~ ~ ~ @

. . o . . P
N ™M N i N . ~

e ¢ «O -h .
e crdt ) o o o= -
NO &3O »~ O | ~
L e | eNDO ~ - -
-~ s\O & o &N & N o0
NO—AINOFTINO @
N o T O TN «CO oo o
......... >4 o
NOoOOoOINOOoONOOM 1

SG:ELEMENT 4 INDUCED CURRENT MODEL ON 727

o o [2a] o

2] <] o] ©

r~ ~ ~ r~ Mm
N &N oM o~ =t N . .

- ~O -O -0\ o

e o o v o o -t 3
QO OO0 » O ~NO I -

ceF O cONO NI - - o
e oD & 2O «w o N =~ oON o)
OCOoOMNINO—=HNOITNO o
.~ oM ON oFT N T 0D oo .
............ >4 Q_u

SG:ELEMENT 5 INDUCED CURRENT MODEL ON 727

[+p] (+2] o o (a1 o™
- - - - - -
=] o) e [o o] @ o] (2]
M~ ~ r~ ~ n r~ ~
NN N M o o~ . o~ N o~
- - - - e o« o+ =
=Y o Q= erd o ot e e O .
O «eMO ~INO ~OC0C | - O WO
o T eONT N - - (=)} asF e -
O & ¢\ = ¢ & oV ~ e e \D & o
CONNO=HNOTNOA ~t QOO
-~ 2NN oFT O oFTN ~0 . - «MM O =
............ o e o o o o
|

EX:
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Table A.5 - Continued

SG:ELEMENT 6 INDUCED CURRENT MODEL ON 727
SG:ELEMENT 7 INDUCED CURRENT MODEL ON 727
SG:ELEMENT 8 INDUCED CURRENT MODEL ON 727

o o o o o (3] o) o (3] o o

@ [ o] o] [e o] o] (3] o] [ o] [« ] [ o] o] [}

~ ~ ~ r~ ~ ~ % ~ ~ ~ ~ n-.la ~ r~
M Ne N s NN N N N . NN N Nl N e . NN N
o ~O® ¢ «O\ o -~ e O -~ -\ o D ¢ . s e e e o cO O
— e el et N st} N et O o e et O O eI o T sl N o N
fOO ~NO | - O «aNO «eNO ~0O | - O a0 «0O ~NO | - O T O =~
OO oNr » = n aFT N e aNr o o (=] I N osONverd «aNON « =« [ - | -~V
O o ¢eN o« o N e,y e o \O e O = o & oV ~ e e \O & o \O @ N & o N o) e o \D & +\O =
=SNOITWNO (32 OCONUNO~=INOTINO ~ CONINO=HINOITNO o OCOMNNO - N
TN et N .,8v.A. - .~ NN TN o TN ,BVM - - «N AN TN oF N ..8v.m o - NN oF N
ONOOINOOM F~<TO0CO0OO0ONOOINOONOOM I TO0OO0OO0ONOONOONOOM IO O0COoOINOON
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Table A.5 - Continued

? ?
4422,101.

]
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Table A.6

Boeing 727 Model with Top-Mounted Off-Centered TCAS II
(Nine-Monopole Model)

UN: INCHES
3

FQ:1.06 GHZ
1,1.06,1.
FG:BOEING 727
74.,74.,1064.,330.
T

0.,0.,50.

PD:

90.,0.,80.
0,360,1

T, 1000000.

BO:

T

PP:POLAR PLOT IN DB
F

PG:LEFT WING
6,T
-48.4,78.,249.
-48.4,277.,411.
-48.4,625.,636.
-48.4,652.,750.
-48.4,250.,587.
-48.4,76.,558.
PG:RIGHT VING
6,T
-48.4,-76.,558.
-48.4,-250.,587.
-48.4,-652.,750.
-48.4,-625,.,636.
-48.4,-277.,411.
-48.4,-78.,249.
PG:RIGHT VERTICAL STABILIZER
4,T

40.6,0.,719.
227.6,0.,996.
227.6,-15.,1257.
40.6,-15.,980.
PG:LEFT VERTICAL STABILIZER
4,T
40.6,15.,980.
227.6,15.,1257,
227.6,0.,996.
40.6,0.,719.
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Table A.6 - Continued

PG:LEFT HORIZONTAL STABILIZER
4,F

214.6,14.,1188.
214.6,210.,1243.
214.6,210.,1172.
214.6,14.,1016.
PG:RIGHT HORIZONTAL STABILIZER
4,F

214.6,-14.,1016.
214.6,-210.,1172.
214.6,-210.,1243.
214.6,-14.,1188.
PG:CENTER ENGINE FRONT
4,T

50.6,22.,652.5
120.6,22.,652.5
120.6,-22.,652.5
50.6,-22.,652.5
PG:CENTER ENGINE LEFT
4,T

45.6,22.,710.
120.6,22.,815.
120.6,22.,652.5
50.6,22.,652.5

PG: CENTER ENGINE RIGHT
4,T

50.6,-22.,652.5
120.6,-22.,652.5
120.6,-22.,815.
45.6,-22.,710.
PG:RIGHT ENGINE TOP
4,F

38.6,-80.,646.
38.6,-80.,837.
38.6,-140.,837.
38.6,-140. ,646.
PG:RIGHT ENGINE FRONT
4,F

38.6,-80. ,646.
38.6,-140.,646.
~24.4,-140.,646.
~24.4,-80.,646.
PG:RIGHT ENGINE SIDE
4,F

38.6,-80.,646.
~24.4,-80.,646.
~24.4,-80.,837.
38.6,-80.,837.
PG:RIGHT PYLON

4,T
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Table A.6 - Continued

-11.9,-60.,854.
-11.9,-81.,827.
-11.9,-81.,682.
~11.9,-65.,682.
PG:LEFT PYLON

4,T

-11.9,65.,682.
-11.9,81.,682.
-11.9,81.,827.
-11.9,60.,854.
PG:LEFT ENGINE TOP
4,F

38.6,80.,646.
38.6,140.,646.
38.6,140.,837.
38.6,80.,837.
PG:LEFT ENGINE FRONT
4,F

38.6,80.,646.
-24.4,80.,646.
-24.4,140. ,646.
38.6,140.,646.
PG:LEFT ENGINE SIDE
4,F

38.6,80.,646.
38.6,80.,837.
-24.4,80.,837.
-24.4,80.,646.
SG:ELEMENT 1
-3.682,50.

.,0.
.,0.,0.,2.78,3
.198,102.
.25,0.
.,0.,0.,2.78,3
.379,103.
.25,45,
.,0.,0.,2.78,3
.113,-143.
.25,90.
.,0.,0.,2.78,3
.081,-93.
.25,135.
.,0.,0.,2.78,3
.058,-88.
.25,180.
.,0.,0.,2.78,3
.078,-97.
.25,225.

LMOOULOOoOLOOUVLOOULOOULOO OV
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Table A.6 - Continued

(12} o o o ™ o ™ o o o o (3] o o

© =] o] [} [o o] [ 0] o] [o o] 0 (e o] o] [+ o (=]

~ ~ ~ o~ ~ ~ r~ M~ ~ r~ ~ ~ r~ ™ ~ ~

N &N o . N . m. (3 B N = oNOM N e N e N o N N . N . m. NN . N .
ot o et o aON o -~ - AT a0 ¢ a0 o+ AP s e T ¢ e -\ o - N
O O e+ @I SO s O s e OO O OO s s O e M .« O «O N
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Table A.6 - Continued

.,0.,0.,2.78,3
.113,-143.
.25,180.
.,0.,0.,2.78,3
.081,-93.
.25,225.
.,0.,0.,2.78,3
.058,-88.
.25,270.
.,0.,0.,2.78,3
.078,-97.
.25,315.
.,0.,0.,2.78,3
.109,-142.
.25,0.
.,0.,0.,2.78,3
.402,101.
.25,45.
.,0.,0.,2.78,3
.812,-19.

gOOUlOOUIOOU'OOUIOOU!OOUIOO

SG:ELEMENT 4
-3.682,50.

.,0.
.,0.,0.,2.78,3
.198,102.
.25,135.
.,0.,0.,2.78,3
.379,103.
.25,180.
.,0.,0.,2.78,3
.113,-143.
.25,225.
.,0.,0.,2.78,3
.081,-93.
.25,270.
.,0.,0.,2.78,3
.058,-88.
.25,315.
.,0.,0.,2.78,3
.078,-97.
.25,0.
.,0.,0.,2.78,3
-109,-142.
.25,45,
.,0.,0.,2.78,3
1402.101.
.25,90.
.,0.,0.,2.78,3

OQUOOULOOULOOLOOULOOULOOWLOODOULOOOYW
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Table A.6 - Continued

0.812,-19.
SG:ELEMENT 5
-3.682,50.
SG:ELEMENT 6
-3.682,50.
., " .

EX:

ooooooooooooooooooooooooooo

EX:

AOOONOOINOONOOoO N
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Table A.6 - Continued
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Table A.6 - Continued

.198,102.
.25,-45.
.,0.,0.,2.78,3
.379,103.
.25,0.
.,0.,0.,2.78,3
.113,-143.
.25,45.
.,0.,0.,2.78,3
.081,-93.
.25,90.
.,0.,0.,2.78,3
.058,-88.
.25,135.
.,0.,0.,2.78,3
.078,-97.
.25,180.
.,0.,0.,2.78,3
.109,-142.
.25,225.
.,0.,0.,2.78,3
.402,101.
.25,270.
.,0.,0.,2.78,3
.812,-19.
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APPENDIX B

SCATTERING ERROR CURVES

The basic concepts of the scattering error curves are discussed in
[3] and [4]. The scattering error curve indicates the errors of the
TCAS III system due to the scattering and diffraction by the irregular
structure of the aircraft. These curves help to investigate the
performance of the TCAS III system.

The first topic discussed here is how to generate scattering error
curves. Figure B.1 is a simple flow chart to generate the error
curves. The first step is to get a lookup monopulse curve as shown in
Figure B.2. First, the TCAS III system is mounted on the fuselage of
an aircraft without any plates, and then the Aircraft Code is executed
to obtain the radiation patterns. These patterns are referred to as
the lookup table and are used to calibrate the system. Then, another
program combines these radiation patterns to obtain pairs of sum and
difference patterns in 64 different directions. Monopulse curves can
then be generated from each pair of sum and difference patterns.
According to the research of [3], these lookup monopulse curves do not
change significantly when the elevation angle is changed. Also,
because in most cases the elevation angles of the target appear in the
vicinity of 10°, the lookup monopulse curves are generated for an
elevation angle of 10° only.

Following the same procedures, another group of the monopulse

curves, where the TCAS III is mounted on the same fuselage with all
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plates included, is generated for various elevation angles. As shown
in Figure B.2, the lookup monopulse curve is very smooth but the
monopulse curve generated with the complete model of the airplane is
distorted by the scattering and diffraction of those plates.

Now there are two monopulse curves for each direction of the 64
different bearings; one is error-free and another contains errors.
Figure B.2 also shows the process followed to generate the error curve
from these two monopulse curves [4]. For example, if the transponder
receives a value of 4 dB corresponding to a bearing of 1° off
boresight, the lookup monopulse curve indicates the real target’s
bearing of 7° off boresight. Thus, the error in detecting the target’s
bearing is 6°. By computing the error for each bearing at a specific
elevation angle, an error curve is obtained. Figures 3.5 and 3.6 show
some typical examples. The resolution of the bearing in the error
curves is 1 degree.

Figure B.3 shows the convention of error curves. It should always

¢

be kept in mind that ¢ In this convention,

error %detected ~ Preal

if the TCAS is put on the center line of the aircraft, its error curve
should be asymmetric because of the symmetric structure of the
airplane. Figure 3.8 shows some examples of this situation.

There are two statistical values appearing in each error curve
graph. One is the average error and the other is the standard
deviation. Because the error curve is asymmetric in most cases, the
average value will be close to zero and therefore it is not meaningful.
Thus, the standard deviation is more meaningful when the performance of

the TCAS system is evaluated.
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INPUT DATA FOR ENHANCED
TCAS II AND AIRCRAFT
COMPUTER MODEL

( — N
MOUNT THE ENHANCED TCAS II MOUNT THE ENHANCED TCaS II
ARRAY ON THE FUSLAGE ARRAY ON THE COMPLETE
MODEL WITHOUT ANY PLATES AIRCRAFT COMPUTER MODEL
| |
RUN AIR CODE TO GET RUN AIR CODE TO GET
RADIATION PATTERNS FOR RADIATION PATTERNS FOR
EACH ELEMENT OF THE EACH ELEMENT OF THE
ARRAY ARRAY
GENERATE SUM AND GENERATE SUM AND
DIFFERENCE BEAM DIFFERENCE BEAM
PATTERNS PATTERNS
1
GENERATE MONOPULSE CURVES GENERATE MONOPULSE
(LOOKUP TABLE) IN CURVES IN 64
64 BEARING DIRECTIONS BEARING DIRECTIONS

. )
1

COMPARE THE MONOPULSE
CURVES TO GET THE
SCATTERING ERROR CURVES

Figure B.1. Flow chart to generate a scattering error curve.
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20.

ELEVATION ANGLE 20
© | BEAN POSITION 180

o : (b)
(a)

1

-16. -12.

-20. -1S. -10. -S. S. 10. 1S, 20. 2s.

-30_-

Figure B.2. Procedure followed to generate the error curve from
received and lookup monopulse curves [4].

DETECTED TARGET LOCATION
- = = = REAL TARGET LOCATION

TCAS T _ %a L
ARRAY LOCATION —
. .

TOP VIEW

Uhen the target is at A, the bearing error is ¢ -01-¢.
Vhen the target is B, the bearing error is 03-%--«.

Figure B.3. The convention used to generate the scattering error curve

[4].
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APPENDIX C
CALCULATION OF RELATIVE POSITION AND VELOCITY

This appendix discusses the transformation between the earth-fixed
coordinate system and the airplane-fixed coordinate system. The main
differences between these two coordinates are that the former has a
fixed origin and fixed coordinate vectors %,§,2; but the latter fixes
its coordinates on the flying TCAS array with dynamic coordinate

vectors &r,?r,ﬁ , which are explained in detail in Section B of Chapter

r
1v.
Assume that
(1) = g (% + g (V)7 + g (VIE , (c.1)
#(t) = E (D% + £(0F + £(02 (C.2)
then
B(t) = (o) - 8oy, (C.3)

vhere 8 is the position of the TCAS-equipped airplane in the earth-
fixed coordinate system, 4 is the position of the target in the earth-
fixed coordinate system, and K is the relative position of the target.

Since ir is the forward direction of the TCAS—equipped airplane,
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'/

G

g = —— (C.4)
%]
where
GG =8t =g %+ g,y + 8,2 (C.5)
and ,
6| = @7+ &7 + @07 (C.6)

is the speed of the TCAS array in the earth-fixed coordinate system.

Since ir = 2, it follows that

>
L]
'

r P X% = lv (C.7)

The two aircraft are flying in the x-y plane, which is parallel to the
ground, i.e., gz' = fz' = 0. Of course, if gé # 0 and fé # 0, this
algorithm can be extended to this general case. From (C.4) and (C.7),

it follows that

' & o r G
8 *r gy Yr

|

o
"

' (C.8)

[ [2Es
RN

|

r

<

(Cc.9)

Then
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#(t)

k(f,-g,) + §(f,-g)) + 2(f -g))

s 8y (£,-8,) + 8, (f,-g)) \

r |

-g ‘(£ -g.) +g,'(f-8.)
+ 9 y X °x X 'y °y

r |

+2_ -+ (f-g) . (C.10)

Therefore, if the position and velocity of the two aircraft in the
earth-fixed coordinate system are known, the relative path in the
airplane-fixed coordinate system can be obtained from the previous
equation.

' The relative velbcity is the derivative of the relative path,

namely
- ’ - ’ " - ’ -
Bty - g - g,"(£,-8,) + g (£,'-g.') + g "(f,-g) + g, (£ g/ )
I o
|
wif _ r(f '—g 1) - "(f - - r(f "'-g
o g, "(f,-8,) + g (£ -g. ") - g "(f -g.) - g, (f'-g )
r
|

(C.11)
If the two aircraft are flying straight, Equations (C.10) and (C.11)

can be simplified. If 2r=i and ?r=? are chosen initially, then
R(t) = % (F,-g,) + §,.(F-8) + 2.(F,8,)) » (C.12)

R () = R (£, V) + 9 f (C.13)
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= N

—> Y

Figure C.1. Earth-fixed coordinate system (x,y,z) and airplane-fixed
coordinate system (xr,yr,zr).
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APPENDIX D

ALGORITHM OF ESCAPE CURVE CALCULATION

In Chapter IV, Section E, the relationship of the bank angle and
normal acceleration is discussed. In this section, the calculation of
the contribution of a to the motion of the aircraft will be discussed.
Also, a numerical algorithm which can be used in the calculation of the
escape curve is proposed.

In the earth-fixed coordinate system, the position of the TCAS-

equipped airplane is.given by

2(t) = &RE(t) + yg(t) . (D.1)
Its velocity can be easily calculated, namely

T(v) = 27(t) = 2E7(t) + 987 (1) | (D.2)
and its acceleration also follows immediately,

Aty = (L) = RE"(L) + §g"(t) . (D.3)

The speed, which is the magnitude of its velocity, is given by

vl =TT +g (02 (D.4)
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and the magnitude of its acceleration is

A=A =TT (D2 + g (D7 . (D.5)

From Figure D.1, the acceleration can be decomposed into two orthogonal

parts, tangential acceleration a, and normal acceleration a:

Z- a, T . a N (D.6)
vhere
v fr(t)-f"(t) + g'(t)-g"(t)
8 = dt vj (D.7)
and
o - AT - [£"()g (t) ‘-,Jﬂ(t)f'(t)l . (D.8)

For a typical escape curve discussed in Chapter IV, section E, at=0 and
anagtan¢, because the aircraft always keeps a constant speed.

If we know the position, velocity and acceleration of an object at
time T, how can we calculate its new position, velocity and
acceleration at the next time T+AT? Equations (D.9) through (D.14) are

recursive equations which answer this question, namely

X(T+4T) = X(T) + VX(T)'ET (D.9)
Y(T+4T) = Y(T) + VY(T)°AT (D.10)
VX(T+AT) = VX(T) + AX(T)-AT (D.11)

170



VY(T+AT) = VY(T) + AY(T)'AT (D.12)

Vy(D

AX(T) = - 'V—(,—I,'s— ¢ an(T) (D.13)
V(D)

AY(T) = W,I—,—)— . an(T) (D.14)

vhere in the earth-fixed coordinate system:

X,Y: positions in x,y coordinates,
Vx,Vy: velocities in x,y directions,

Ax,Ay: acceleration in x,y directions.

Accuracy and cost are the most important factors to be considered
in a numerical calculation. Double precision is used here to improve
the accuracy. Also, the time period AT in the calculation will
influence the accuracy and CPU time needed. Figure D.2 is a test for
this numerical method. The aircraft maintains a constant speed of 250
knots and a constant bank angle of 45° but with a different AT in the
two cases. The curves should be circles due to a constant normal
acceleration. Also, the accuracy can be verified from the turn radius
r from (4.1) and from the figures. From Table D.1, the accuracy of the
calculation for 0.01 second period is good enough and it is chosen for

our simulation of the escape curves.
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Figure D.1.

The decomposition of the acceleration.

Table D.1

Comparison of the Testing

. _ (250 knots) _
Ideal turn radius = m = 5544.995 ft
Time division Turn radius (ft) Brror
0.01 sec 5550.915 0.1%
0.001 sec 5545.105 0.002%
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Figure D.2. Tests of escape curve algorithm.
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APPENDIX E

ROLLING EFFECTS TO ELEVATION ANGLE AND AZIMUTH ANGLE

There are two coordinate systems used in the calculations of the
elevation and azimuth angles; namely, the airplane-fixed coordinate
system and the TCAS-fixed coordinate system. The only difference
between these two coordinate systems is explained in Chapter IV,
Section B. Originally, the calculations of the elevation and azimuth
angles of the target are very simple in the airplane-fixed coordinate
system because it is parallel to the earth-fixed coordinate system and
thus the relative path in the airplane-fixed coordinate system can be
deduced easily as shown in Appendix C. However, when the TCAS-equipped
aircraft turns, the calculations of the elevation and azimuth angles on
the TCAS-fixed coordinate system are not simple any more, and it
requires a transformation between these two systems, i.e., airplane-
fixed and TCAS-fixed coordinate systems.

From Figure E.1, the x’'-y’ plane can be expressed as:

sin9B°y + cosGB'z =0 . (E.1)

The elevation angle is the angle between z and the x’-y’ plane,

vhich is 90°-6’. Furthermore,
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y sin@, + zcos®
= cos-1 B B (E.2)

The transformation between the two systems can be expressed as follows:

X' 1 0 0 X
y'| = |o cos6y -sin6g | ly (E.3)
z! 0 51neB coseB z

vhere (x’,y’,z’) is the target’s position in the TCAS-fixed coordinate.
The azimuth angle ¢’ in the TCAS-fixed coordinate system is then given

by

¢ = tan_1 %;

y-cos@, - z+-sin@
tan~! ( 8 = B) . (E.4)

Then ¢’ and 6’ of the TCAS-fixed coordinate system are deduced from the
data in the airplane-fixed coordinate system. When the TCAS system
obtains a detected bearing ¢’, relative height h and distance R, an
inverse transformation is required to find the relative positions in
the airplane-fixed coordinate system. Recall that R, h and ¢’ can be

written as follows:

R = Ix2+y2+z? = ix'24+y' 242’2 (E.5)
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¢ = tan’l L (E.7)

Then from (E.4)

ycoseB - zsmeB

tan¢’ = = . (E.8)
Finally, let
tan¢’
= cosg ’ (E.9)
B
c = h-taneB R (E.10)
and
r? = x%+y? = R2-h? , (E.11)

Solving for (E.5), (E.6) and (E.8), one gets

- 2 2_p2
_ -hmc + ;$T1+1)r c (E.12)
and
y=mx+C. (E.13)
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—p N

X,¥,2 ¢ airplane-fixed coordinate system
x',y’'yz': TCAS-fixed coordinate system

OB ¢ bank angle

_’

r : target position

8,¢ : elevation and azimuth angles in the
airplane-fixed coordinate system

0’',¢’ : elevation and azimuth angles in the

TCAS-fixed coordinate system

Figure E.1. Airplane-fixed coordinate system and TCAS-fixed coordinate
system.
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APPENDIX F

GAUSSIAN NOISE GENERATOR

Suppose we want to implement a random noise generator which can
generate random numbers with Gaussian distribution N(u,o?), where u is
the mean and ¢? is the variance. In the FORTRAN language, there is a
RAN function, which generates random numbers with a uniform
distribution in [0,1). Then the mean value of this distribution is %;
and the variance of this distribution is %5.

From the Central Limit Theorem [20], let Xyr Xgy ceey X, be a
sequence of independent random variables with mean value My and

X 2
variance o. Let X=Xq+e oo X then

1lim

will be approximately the normal distribution with mean 0 and variance
1. Furthermore, if X has the normal distribution N(y,o6?) and if
Y=ax+b, then Y has the distribution N(ap+b,a?02) [20].

From the above two theorems, the Gaussian distribution can be

generated by the combination of uniform distribution as follows:
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n 1
I (RANGE) - D)
N(u,q?) = g * =1 F U (F.1)
n
12

In our case, U=0, o is given by (4.9) and n is chosen as 12 for

simplicity; hence, (F.1l) becomes

12
N(O,02) = o * [ (RAN(X) - 0.5).

(F.2)
i=1

This formula is used in our program to simulate the generation of

Gaussian noise.
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